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1. Abstract

In this three-year research program, single- and two-phase fuel injection into

compressible flows was studied. The main thrust of this project is the measurement

of mixing and the definition of mixing mechanisms under a variety of injection

conditions as governed by injector geometry and fuel chemistry, phase, velocity,

temperature, and pressure. The impact of flow conditions on the state of mixing in a

flow has also been examined. These basic mixing studies have led to the successful

development of several mixing enhancement schemes, which have been tested and

reported (see Appendix).

To quantify the mixing states of various flows, several diagnostic techniques,

including optical diagnostic methods and mechanical probes, were employed. The

laser diagnostic techniques implemented in this study include Laser Doppler

Velocimetry (LDV), Phase Doppler Particle Analysis (PDPA), Laser Induced

Fluorescence (LIF), Particle Imaging Velocimetry (PIV), Raman Scattering, and

Rayleigh/Mie Scattering. Mechanical probes for measuring concentration, total

temperature, cone-static pressure, and pitot pressure were developed and used.

Combinations of mechanical probe measurements were used to calculate such flow

properties as Mach number, velocity, static temperature, static pressure, pressure

loss, and species concentration. For the mixing studies, both scalar and vector

quantities were measured to assess the Schmidt number effect. Information

obtained using laser diagnostic techniques was compared with the probe

measurements. Results of the comparisons suggest that data obtained through laser

diagnostic techniques and probe measurements can compliment each other,

contributing to the development of a broad understanding of the physical processes

of mixing under a variety of conditions.
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2. Introduction

This report covers work performed during the period 19 November 1992 to 31 May

1996, under Air Force Contract F33615-93-C-2300, entitled "Combustion and Mixing

Studies in Compressible Flows." Taitech personnel contributing to this effort were

Dr. Tzong H. Chen, Dr. Samhita Dasgupta, Dr. Raymond P. Fuller, Gary L. Haines,

Kevin A. Kirkendall, Mark L. Landrum, David G. Schommer, Charles R. Smith, and

Dr. Pei-Kuan Wu. The work described was completed at the supersonic combustion

facility of the Aero Propulsion and Power Directorate of Wright Laboratories

(WL/POPT), at Wright-Patterson Air Force Base. The facility is fully described

elsewhere [Gruber and Nejad, 1994].

The three-year study supported under this project was designed to 1) establish the

utility of laser diagnostics in supersonic propulsion research and development, and

2) yield a better understanding of fuel injection, mixing and combustion processes

under high speed propulsion conditions. The research program focuses on the

physical processes involved in single- and two-phase fuel injection. It is expected

that the data obtained will make significant contributions to the improvement of

SCRAM/RAMJET configurations, fuel injection system designs and of film cooling

system designs for gas turbine combustors and turbine blades.

Several related experimental programs were developed and carried out under this

contract. The programs varied in scope, and ranged in experimental time from

several months to three years, but each program has contributed in meaningful

ways to the fulfillment of the two goals listed above. The research programs will be

discussed separately as follows: 1) Mixing studies on transverse fuel injection into a

supersonic crossflow, 2) Mixing studies on parallel injection into a supersonic

crossflow, 3) Study of several mixing enhancement schemes for fuel injection into a

supersonic freestream, 4) Study of the breakup processes of liquid jets in subsonic
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cross-flows, and 5) Study of ethylene injection into a nitrogen atmosphere under

supercritical conditions.

The flowfield created by the introduction of a gaseous fuel jet into a supersonic flow

is of both fundamental and practical interest to the hypersonic propulsion

community, as well as to those interested in the study of reaction control systems on

high speed vehicles. In the propulsion sector, an understanding of the mechanisms

that govern the fuel dispersion and fuel/air mixing in compressible shear flows is

crucial for the development of an air-breathing supersonic combustion engine, such

as the supersonic combustion ramjet (SCRAMJET). In this type of engine, the fuel

mixing and combustion processes must take place in the supersonic air stream,

because of the undesirable effects associated with decelerating a supersonic flow

(M=6-8) to appropriate speeds for subsonic combustion. Residence times within such

supersonic combustors will necessarily be short, especially because of the prohibitive

weight penalty of a long combustion chamber.

From a practical standpoint, transverse injection into a supersonic air stream

represents one of the most interesting fuel injection concepts for these supersonic

air-breathing engines. A second basic injection concept under consideration

involves parallel injection. Each configuration presents distinct advantages and

difficulties. In parallel injection, the compressible free shear layer formed between

the oxidizer and fuel streams suffers from a suppressed growth rate and relatively

slow mixing [Papamoschou and Roshko, 1988; Goebel and Dutton, 1991]. However,

parallel injection produces the maximum thrust due to injection since the fuel

stream is aligned with the combustor axis. Wall-mounted injector concepts, on the

other hand, provide significant fuel penetration, which is vital for near-field

mixing. However, transverse injection creates a strong disturbance in the freestream

and requires that freestream momentum be used to turn the jet. Thus, gains due to

near-field mixing are tempered by freestream losses. More complex injection

schemes have been developed to effectively inject and disperse the fuel for efficient

mixing and combustion using variations on parallel or transverse injection, and
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usually involve a trade-off between rapid mixing and total pressure recovery. Thus,

a fundamental uniderstanding of the basic injection concepts will enhance the ability

to incorporate them into more complex configurations, ultimately leading to more

efficient combustor designs, which will provide rapid mixing, stable combustion

and minimal pressure losses.

Two-phase flows, which may also play an important role in hypersonic flight

vehicles, pose some slightly different problems. Liquid jet breakup patterns are as yet

not well understood; research performed under this program has made a major

contribution in this area by defining the jet breakup height. Similar fundamental

problems are posed by injection under supercritical conditions, which may be typical

of SCRAMJET operating conditions.

This research program has developed a significant body of knowledge, experience,

and data on fuel injection into high speed flows. The results produced by the

component studies in the program will serve as a foundation and background for

the next generation of research in fuel injection and mixing studies, and specifically

for the design and development of SCRAMJET engine technology.
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3. Experimental Studies

A. Facilities for Gas Fuel Injection Studies

The Supersonic Combustion Facility of the Aero Propulsion and Power Directorate

at Wright Laboratory, WPAFB, was used for all of the gas fuel injection experiments

described below (3.B-D). The supersonic combustion facility is a continuous

running, open-loop supersonic wind tunnel with a rectangular test section

measuring 12.7-cm high, 15.2-cm wide, and 76.2-cm long. A pair of compressors

capable of providing up to 15 kg/sec of air with total pressures and temperatures up

to 48.6 atm and 922 K, respectively, were used to supply air to the facility. A massive

exhaust system was used to lower and maintain the back pressure for smooth

starting and safe operation. Complete details regarding this supersonic flow facility

have been presented by Gruber and Nejad [1994]. The liquid fuel injection studies

were performed in separate facilities, which are described in sections (3.E-G).
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B. Injection From Wall-Mounted Injectors Into A Supersonic Cross-Flow

A number of general studies of transverse injection of gas into a supersonic

crossflow have been performed in the last thirty years; a comprehensive review of

the studies of down-stream mixing produced by transverse jets and wall jets in

supersonic flows was presented by Schetz et al. [1991]. It has been shown that as the

injection angle decreases, the near-field mixing decreases, while pressure losses also

decrease. In the far field, injection angle was found to have little effect on the

overall mixing [Mays et al. 1989]. Fuller et al. [1992] extended this work to include

injector yaw (angle of injector offset from wind tunnel centerline) as well as low

transverse angles. It was observed that while injector yaw did not increase the rate of

decay of maximum concentration, it did cause an increase in the overall injectant

plume cross section, thus increasing the size of the mixing region. In both studies, it

was shown that matched pressure injection produced greater fuel concentration

decay rates when compared to an underexpanded case.

These studies have provided general surveys of the flow field, and data on the far-

field mixing effects of injection. In order to facilitate the application of these

observations to the development of mixing enhancement schemes, however, the

fundamental physics of jet injection, and especially of the details of the near-field

mixing processes, require closer study. The transitional mixing phenomena in the

near-field are particularly important in propulsion applications, where flame

stabilization must be achieved near the injector in order to minimize the length and

weight of the combustor chamber.

In the near-field, close to the injection point, the flow is in a transitional stage. The

large scale structures and unsteadiness introduced by the jet will eventually

transition into smaller scale turbulence, but the rate of this transition will depend

on various factors, including the size of the flame holder, the size of the injector,

and the flow conditions of the fuel jet and freestream. The large scale flow facility at
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Wright Laboratory used in this program provides an ideal site for the type of

detailed observation required for the mapping of near-field mixing processes.

In order to develope a detailed understanding of the physics of mixing in the near

field of gas injection, this section of the research program concentrates on the

vortices which form around the injection point and strongly influence the

entrainment of freestream fluid into the jet (or the dispersion of the jet fluid into

the freestream). Also of significant interest are the influences of injectant molecular

weight and compressiblity on the structural and mixing characteristics associated

with the jet/crossflow interaction. In addition, geometric effects which might lead to

the development of a passive means of increasing the mixing rate while

minimizing the total pressure losses were also studied. This work was reported in

several papers by Gruber et al. [1994-1996]. These papers are attached (see Appendix);

a summary of the results of the research is provided here.

The interaction of a supersonic cross-flow with sonic helium and air jets injected

transversely through circular and elliptical nozzles was studied using shadowgraph

photography and Planar Rayleigh Scattering (instantaneous and time-averaged).

Cross Section View Plan View

- 0

Figure 1. Injector configurations for wall-mounted injection study.
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Results show a highly three-dimensional interaction which is dominated in the

near-field by two types of large-scale vortical motions: shear layer eddies and a

counter-rotating vortex pair.

Jet Shock Structure
(Barrel Shock and

SJ Mach Disk)

Three-Dimensional
Bow Shock

orseshoe Vortex
Region

Figure 2. Schematic of jet with principal vortices and shock structures.

Helium and air injection were found to produce substantial differences in the shear

layer structure and in the shock structures within the jets. Averaged face-on

Rayleigh Scattering images show that the elliptical jet spreads more quickly in the

lateral direction than does the circular jet, confirming that some axis-switching is

present. The same data suggest that large-scale mixing for helium injection is slower

than in the air injection cases. The freestream shock structure formed in the

elliptical case suggests that the elongated geometry produces a smaller separated

region upstream of the jet orifice than the relatively blunt circular case. Also, the

bow shock appears weaker in the elliptical case. Near-field transverse penetration

data collapse well with low speed scaling conventions, and the power law curve fits
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obtained are consistent with previous results. Finally, analysis of mixing potential

from standard deviation images of the jet cross-section indicates that the helium

and air injection flow fields show significant differences.

Calculation of mixing potential

To quantify the large-scale mixing characteristics of the various injector and

injectant combinations, analyses of the standard deviation contours in the Rayleigh

Scattering images were performed. Large-scale fluctuations occurring in the shear

layer entrain freestream fluid and increase the volume of fluid in the mixing zone.

This, in turn, increases both the surface area between the jet and the freestream and

the perimeter of the mixing region. Therefore, the relationship between these two

parameters can be used to define an indicator of mixing potential. A shape

parameter (S), can be defined in terms of the area of the mixing zone cross section

(Aa):

S= P wherero = 1A
2 rro A0

This shape parameter describes the relationship between the perimeter and the area

of a given standard deviation contour by comparing them to the perimeter and the

area of a perfectly circular contour of radius ro. If the contour of interest were a

perfect circle, the value of S would be its mimimum value of unity. Contours that

yield shape parameters greater than unity are considered to have a greater mixing

potential than those having values of S near unity, by virtue of increased mixing

area and the presence of large-scale structures.

Effects of injector geometry and injection angle

Injector exit geometry was found not to substantially affect the transverse

penetration of the jet in the near field, while the orientation of the injector with

respect to the free-stream (transverse vs. oblique) was found to have dramatic

effects. Experimental results indicate that the lateral spread of the jet from the

elliptical transverse injector is roughly 25% greater in the near field than that

9



associated with the circular transverse injector. This is attributed to the axis

switching phenomenon commonly observed in elliptical jets.

Injector orientation plays an important role in the strength of the bow shock, with

the shocks created by the oblique injector being substantially weaker than those

created by the transverse injectors, given equal cross-sectional areas and pressures.

This implies a smaller expected total pressure loss in the oblique injector flowfield.

However, no large-scale vortices develop along the jet/freestream interface in the

near-field region. As a result, the oblique injector produces relatively slow mixing in

the near field as compared to transverse injectors.

Bow shock/jet interaction

Another dominant feature in flowfields created by transverse injection into

supersonic crossflows is the shock wave structure, which consists of bow and

separation shocks forming upstream of the injectant plume. The interaction

between these features and the large-scale eddies that develop at the jet/freestream

interface was examined. Results indicate that the large structures strongly influence

the near-wall behavior of the bow shock, often resulting in severe curvature

changes and position fluctuations. Lifting of the bow shock has been observed when

the approaching boundary layer is relatively thick. In these instances, injectant and

freestream fluid mix subsonically upstream of the injector orifice, thereby

exacerbating the hot-spot phenomenon found in reacting transverse injection

flowfields. The injector geometry was found to strongly affect the upstream

separation zone, the bow shock standoff distance, and the strength of the bow shock.

Elliptical injection with the major-axis aligned with the freestream flow was found

to result in a smaller separation zone and standoff distance, and a weaker bow shock

as compared to circular injection.

Convection velocity of large scale structures

Dependence of the convection velocity of large scale structures on mixing layer

compressibility and injector geometry was also investigated. Convection
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characteristics obtained from temporally correlated image pairs show a strong

dependence on both mixing layer compressibility and injector geometry. For a given

injector geometry, the near-field convection velocities are larger for cases with high

compressibility (helium injection) than for cases with low compressibility (air

injection). In the near-field, after the jet plume has been bent downstream, the

eddies tend to convect with velocities that are closer to the freestream velocity, and

convection angles decay rapidly toward the freestream flow direction.

The convection angles are shallower for elliptical injection than for circular

injection. The near field convection velocities from the elliptical injection cases are

skewed toward the freestream velocity.

Role of large scale structures

The large scale structures at the interface between the jet and freestream appear to be

strongly influenced by the properties of the injectant gas, with helium giving rise to
"clumpier" eddies as compared to the more distinct roll-up of long, pronounced

eddies visible in the air injection cases. These eddies strain the interface between

them and serve the engulfment process well, while structures at the interface of the

helium jet appear more amorphous. This observation and the mixing

measurements confirm that the large scale mixing in helium flowfields is slower

than in air injection cases. Air injection yields better mixing potential than helium

in both circular and elliptical injector cases.

Compressibility Effects

The large-scale vortices that develop at the jet/freestream interface generally roll

into the freestream, which indicates that the injectant fluid below the mixing layer

moves faster than does the crossflow fluid directly above it.

Compressibility plays an important role in the development and break-up of large-

scale eddies: injection in high compressibility cases (helium) results in amorphous

shear layer eddies with thin braid regions, as compared to well-defined vortices with
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pronounced braid regions in low compressibility (air) cases. Poorer entrainment

characteristics develop in high compressibility injection cases. Indeed, the

mixedness analysis described above indicates that the mixing potential afforded by

injection at low compressibility is larger than that of high compressiblity cases.
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C. Parallel Fuel Injection Study

1. Comparison of Jet Nozzle Geometries

This section of the research program addresses the problems of fuel-air mixing in

supersonic flows through an investigation of parallel fuel injection. Fuel was

injected from the base of a two-dimensional extended strut into a nominal Mach 2

freestream in order to determine the fundamental characteristics of the injection

scheme and to explore passive mixing enhancement through the use of different

injector geometries. The experimental apparatus and results are described in detail

in Glawe et al. [1995] (see Appendix) and Glawe [1995]; a summary is provided here.

A 1.27-cm-thick strut was extended approximately 7 cm into the wind tunnel test

section, with the injection nozzle mounted in the base of the strut at the center-line

of the wind tunnel.

Supersonic Nozzle

M=2.0

....... 12.70 cm

Fuel Injection Hole: 0.25 cm. Diameter

h. 1.27 cm.
SBluffBody

Figure 3. Supersonic wind tunnel -- parallel fuel injection apparatus.

Three nozzles were used in this study; a circular nozzle, a circular nozzle with

vortex-generating tabs on opposite sides of the exit circumference, and an elliptic

nozzle. Helium was used as the injectant to simulate gaseous hydrogen fuel.
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Without injection, a two-dimensional wake flow exists behind the base of the strut.

When fuel is injected parallel to the freestream, a highly three-dimensional

complex flowfield results.

Flow visualization was performed by schlieren photography, planar Rayleigh/Mie

scattering, and acetone Planar Laser-Induced Fluorescence (PLIF). Velocity profiles

were obtained through two-component Laser Doppler Velocimetry (LDV). The flow

field without injection was examined to establish a reference case against which the

flow field with helium injection from the various nozzle geometries could be

evaluated. LDV measurements show that the incoming boundary layer is fully

developed and that the freestream flow is uniform and symmetric above and below

the strut. The mixing interaction between the jet and the primary flow occurs

within the confines of the strut wake. Thus, the jet spread is limited in the

transverse direction, which in turn limits mixing between the jet and the primary

freestream flow.

The various nozzle geometries create different jet/freestream interaction dynamics,

which affect the overall mixing of the injectant with the freestream. The axis-

switching phenomenon apparent in free jets issued from oblong nozzles is apparent

for the jets issuing from the elliptical nozzle in this study. However, the speed and

degree to which the axis-switch takes place seems to vary depending on the

orientation of the ellipse with respect to the mixing layers produced by the strut.

Likewise, bifurcation similar to that occurring in free jets issuing from a nozzle with

two tabs is clearly seen in the case of the circular-with-tabs nozzle with the tabs

oriented normal to the strut span. The orientation of the nozzle relative to the

mixing layers seems to dictate whether the mixing layers reinforce or suppress jet

dynamics induced by different nozzles and subsequent jet development.

Visual inspection of the instantaneous and averaged Rayleigh/Mie scattering

images, particularly those of the face-on plane of view, suggests that the jet

emanating from the circular nozzle with tabs oriented normal to the span of the
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extended strut exhibited the best mixing. The second best mixing was exhibited by

the elliptic nozzle with its major axis normal to the strut. In agreement with the

LDV streamwise velocity profiles, the Rayleigh/Mie images show the elliptic case to

spread the most in the spanwise direction, but to remain more coherent than the

circular-with-tabs case.

2. Study Of The Effects Of Nozzle-To-Freestream Air Static Pressure Ratios

Using the extended strut described above (see Figure 3), helium was injected at sonic

velocity from a circular injector nozzle into a nominal Mach 2 freestream air flow at

three different nozzle-to-freestream air static pressure ratios. Planar Rayleigh/Mie

scattering and acetone PLIF flow visualization along with CFD results are presented

in Glawe et al. [1994].

Jet spread was found to be insignificant for all three pressure cases, as the jet fluid

remains primarily confined in the wake of the strut, but large scale, spatially

periodic and organized structures were observed to reach into the freestream,

particularly in the under-expanded cases. The jet was found to spread along the

spanwise direction, creating an oblong jet contour with large scale structures evident

along the transverse axis of the jet. These structures appear to be spatially periodic

and more organized in the underexpanded cases than in the pressure matched case.

The jet interaction with the freestream was found to be markedly three

dimensional, as shown by highly irregular helium jet contours and the appearance

of a conical shock in the highly under-expanded case.

The numerical simulation performed in this study [M.-H. Chen et al. 1995] was

found to capture the essential features of the flow field, namely the barrel shock,

Mach disk, recirculation region, and expansion zone. In addition, the Mach disk

location and jet spread predicted by the CFD results compare reasonably well with

the experimental planar Rayleigh/Mie scattering and the acetone PLIF images.
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D. Mixing Enhancement Schemes

1. Ramp Schemes

Numerous investigations have considered wall ramp injectors as a viable means of

providing enhanced fuel-air mixing in supersonic flows [Hartfield et al., 1994;

Riggins et al., 1995]. Ramps provide vortex shedding off the edges and local

separation at the base (see Figure 5). The fuel is generally injected through the base

and into the counter-rotating vortex pattern, creating a very dynamic mixing

distribution. Furthermore, the ramp shock will reflect off the opposite wall and

impinge on the plume/vortex structure, resulting in possible vortex breakdown and

further enhancement of mixing. The reflected shock should also create a baroclinic

torque where it intersects the plume resulting in additional vorticity. Finally, the

recirculation zone caused by separation at the base of the ramp should provide

flameholding capabilities similar to those of a backward-facing step. The major

drawback to this design is its dependency on maintaining pristine geometry in the

extremely harsh environment of a high-enthalpy combustor. Its physically intrusive

nature will necessarily create "hot spots" with temperatures exceeding the thermal

limits of most practical materials. Furthermore, the added drag and loss of thrust

potential resulting from the intrusive presence of the ramp may be unacceptable in

certain engine design configurations.

A recently introduced alternative to the physical ramp is the "aerodynamic ramp"

or simply "aero-ramp" (see Figure 4). The aero-ramp was first presented by Cox et al.

[1994] after a preliminary investigation involving both experiments and

computational fluid dynamics. This injector design consists of a three-by-three array

of closely spaced, flush-wall jets with various transverse and yaw angles. The jets

were geometrically arranged so as to generate multiplicative fuel-vortex interactions

which should lead to enhanced mixing. These fuel-vortex interactions include skew

induced vortex generation, shock induced vortex generation, and vortex

breakdown, all of which have been shown to be effective mixing enhancement

mechanisms. Furthermore, the flush-wall design coupled with low angle injection
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avoids the excessive pressure losses, drag, and hot-spots associated with

conventional vortex generators.

10 10

Figure 4. Aero-ramp injector model.

In this section of the research program, an experimental investigation was

conducted to compare the supersonic mixing performance of an aerodynamic ramp

injector with that of a physical ramp injector. The physical ramp injector is based on

the design concept first introduced by Northam et al. [1992]. The design used in the

present experiments has a 10.3' compression surface and contains a sonic injection

orifice such that the injection axis is parallel to the compression surface.

Figure 5. Physical ramp injector model.

The investigation focused on jet penetration, mixing characteristics, and total

pressure losses; a parameter was defined to quantify the total pressure losses without
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complex analysis or facility dependence. A full description of experimental set-up,

procedures and results is presented in Fuller et al. [1996] (see Appendix); a summary

is presented here.

Tests were conducted in a Mach 2.0 turbulent air crossflow. Freestream conditions

were set for a total pressure of 3.06 atm and total temperature of 295 K, producing a

freestream Reynolds number of 3.63 x 107 per meter. Pure helium was used as the

injectant to simulate hydrogen fuel. Species concentration measurements were

obtained using an intrusive sampling probe and gas analyzer designed specifically

for use in supersonic flow [Ninnemann et al., 1992]. Aerothermo dynamic

measurements were performed using a Pitot probe, cone-static pressure probe and a

total temperature probe. These three measurements are combined with species

composition sampling to estimate all aerothermodynamic variables of interest. Data

reduction consist of an iterative scheme utilizing the isentropic flow relations,

perfect gas relations, the Rayleigh-Pitot formula and the Taylor-McColl cone flow

equation. Details regarding the data reduction techniques have been presented by

Fuller et al. [1992]. The various analysis techniques applied to the mixing

characteristics were found to produce consistent results.

The results of the study may be summarized as follows:

The aero-ramp exhibited a significant increase in jet penetration when the jet-to-

freestream momentum flux ratio was increased from 1.0 to 2.0, while the physical

ramp showed very little change. As a result, the jet penetration of the aero-ramp

was comparable to that of the physical ramp at the higher momentum flux ratio.

The mixing characteristics of the physical ramp injection were dominated by the

counter-rotating vortices generated by the ramp. The fuel-air mixing produced by

the aero-ramp was dominated by the multiplicative fuel-vortex interactions

confined to the injector vicinity. Mixing effectiveness was defined based on

maximum fuel mass fraction, plume area, mixing efficiency, and spatial mixedness.
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An innovative method of calculating the state of mixing (mixedness) in a flow from

light scattering images was developed. With a jet-to-freestream momentum flux

ratio of 1.0, the aero-ramp produced superior mixing in the near field and slightly

less than comparable mixing in the far field. With a momentum flux ratio of 2.0, the

aero-ramp mixing was comparable to that of the physical ramp in the far field. The

mixing enhancement produced by the aero-ramp can be attributed to the

multiplicative fuel-vortex interactions in the near field as well as the multiple jet

design; that is, several small jets should mix better than one single jet. The mixing

enhancement produced by the physical ramp can be attributed to the counter-

rotating vortex pair. Increased jet momentum was found to reduce the strength of

the vortices produced by the physical ramp while it increased the strength of the

interactions produced by the aero-ramp. Thus, the mixing performance decreased

with increasing jet momentum for the physical ramp while it increased for the aero-

ramp.

For the physical ramp, the total pressure losses were found to be concentrated

around the centers of the two counter-rotating vortices. For the aero-ramp, the total

pressure losses were concentrated around the core of the jet plume. The pressure

losses induced by the physical ramp were more severe. With a jet-to-freestream

momentum flux ratio of 1.0, the physical ramp exhibited a larger loss parameter

over the entire axial range of measurements. When the momentum flux ratio was

increased to 2.0, both injectors exhibited a reduction in losses, but the physical ramp

losses were more severe.

These results suggest that, whether or not the aero ramp studied here can be made

to outperform the physical ramp at particular operating conditions, comparable

performance alone merits further studies. Future studies should include parametric

optimization through combined computational and experimental efforts.
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2. High Aspect-Ratio Ramp Injector

A complex mixing enhancement device, High Aspect-Ratio Ramp Injector (HARI),

for use in supersonic propulsion applications was designed, manufactured, and

tested. A new nozzle module which produces a Mach 4.5 freestream in the

Supersonic Combustion Facility at the Aero Propulsion and Power Directorate was

designed and manufactured, to permit the testing of mixing enhancement devices

under high speed fuel injection conditions.

The High Aspect-Ratio Ramp Injector (HARI) is a hybrid ramp-hypermixing

injector module designed to generate sharp pressure gradients and strong vorticity

for mixing enhancement. The large flow capacity of the supersonic combustion

facility permits the use of a thick strut and a large injector, so that the important

features involved in strut injection can be identified.

A mechanical probe was designed to sample injectant concentrations downstream of

the HARI injector. The probe is an aspirating type probe which extracts a gas sample

from the supersonic mixing region and analyzes it externally using hot-wire

anemometry in conjunction with pressure and temperature measurements.

Parametric studies were performed to optimize the probe geometry for the test

conditions of the HARI experiments. The basic geometry was then determined and

the appropriate components were selected. Pitot-pressure and cone-static pressure

probes were also developed and manufactured. A thermocouple was built into the

pitot probe for measuring total temperature. Software for calibrating the probes and

for acquiring and reducing the data was developed.

Schlieren and shadowgraph photography were used to determine the principal

features of the flow field: among the most interesting features is a complex shock

structure originating from the ramps and expansion surfaces. Probe measurements

were made and initial reduction of the HARI data was performed. The experimental
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procedures and results are described in a report which is currently in preparation at

WL/POPT, Wright Laboratory, Wright-Patterson Air Force Base.
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E. Liquid Fuel Injection In Subsonic Crossflows

Liquid jet atomization in an air crossflow has important applications in propulsion

systems, including fuel injection in turbojet augmentor sections and ramjet and

SCRAMJET combustors (see, for example, Hojnacki, 1972; Wotel et al., 1991]. In these

applications, liquid fuel jets are injected from the walls of combustors or bluff body

flameholders into the air stream under crossflow conditions. The combustion

efficiency of these combustors thus depends closely on the outcome of the jet

breakup process. Furthermore, current developments in spray simulation

techniques require a fundamental understanding of jet breakup mechanisms to

construct more realistic spray atomization models.

The recent development of secondary breakup theories has to some extent

improved the current understanding of liquid jet breakup processes. Aerodynamic

secondary breakup processes have been found to exhibit four major breakup

regimes: bag, multimode, shear, and catastrophic breakup. Small droplets were

stripped along the edge of parent drops and correlations were obtained by

approximating the final droplet sizes with the thickness of the boundary layer along

the windward side of the droplet surface [Wu et al. 1995; Hsiang and Faeth, 1992;

Krzeczkowski, 1980; Hinze, 1955]. Since the breakup processes of a liquid jet and a

spherical droplet in an air flow are both caused by aerodynamic forces, it is

reasonable to apply the general understanding of the aerodynamic secondary

breakup to the problem of liquid jet breakup.

This section of the research program, which was performed in the Aero Propulsion

and Power facility at Wright Laboratory, experimentally examined the breakup

processes of liquid jets injected into subsonic air crossflows. Test liquids, injector

diameters, and air Mach numbers were varied to provide a wide range of jet

operation conditions. The results were published in Wu et al. [1996] (see Appendix).

A summary will be provided here.
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Liquid jets of water, ethyl alcohol, a 30% alcohol/water solution, and a 40%

glycerol/water solution were injected vertically upward into a subsonic wind tunnel

from a nozzle exit flush with the tunnel bottom wall. Three nozzles with exit

diameters of 0.5, 1.0, and 2.0 mm were used. Injection velocities were varied from

8.8 to 38.5 m/s and the air Mach numbers were limited to 0.2, 0.3, and 0.4. The wind

tunnel has a rectangular test section with a cross section of 125 mm x 75 mm and a

length of 406 mm. Quartz windows were installed on the top and both sides of the

test section for laser diagnostics and flow visualization. The tunnel was operated

continuously and the air Mach number was controlled by adjusting a variable-area

nozzle device to obtain the correct area ratios at the choked point and at the test

section [Chen et al., 1993].
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WATER, Mair= 0.2, vj =10 ,l/s, =10, d = 01.5 mam.

Figure 6. Predicted and experimental results for jet breakup process.
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Near-field structures and breakup properties were visualized and analyzed using a

pulsed shadowgraph technique with a frequency-doubled Nd:YAG laser as the light

source. The resulting images were digitized and analyzed to provide liquid column

trajectories and the distances to the column fracture point.

The processes of liquid column breakup in a crossflow were found to be similar to

those of the aerodynamic secondary breakup of a spherical droplet, with the column

eventually breaking into several bag-shaped membranes, as in the multimode

breakup of droplets. When the liquid/air momentum flux ratio is large, the liquid

jet undergoes surface breakup as droplets are stripped off the deflected edges of the

liquid column before the development of large-scale column waves.

Column trajectories were correlated using a momentum analysis; the predictions

were found to agree reasonably well with the experimental results (see Figure 6).

The comparison of column trajectory predictions with measured results also

allowed drag coefficients to be inferred. Drag coefficients were found to be larger for

jets of more viscous liquids, perhaps because of the thicker boundary layer on the

windward surface of the liquid column.

The column fracture location represents the boundary between the liquid column

and dispersed-phase regimes. Fracture locations were identified by measuring the

distances from the nozzle exit to the fracture points. The distances to the column

fracture point were found to be a constant for the range of test conditions studied.

Liquid jets always break at a location of eight diameters downstream from the

nozzle exit, independent of jet injection conditions.
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F. Injection Of Supercritical Ethylene In Nitrogen

For hypersonic flight, e.g., flight Mach numbers greater than eight, thermal

management of the airframe and of on-board electronic components is a particularly

challenging problem. Conventional cooling techniques using ambient air are not

feasible at hypersonic speeds because the stagnation temperature of the air is higher

than the high-temperature limit of existing aerospace materials. One possible

solution to this problem would be regenerative fuel cooling of the airframe and the

combustor components, perhaps using endothermic fuels [Edwards, 1993]. An

endothermic fuel is one that can undergo an endothermic thermal cracking

(pyrolysis) reaction with a very large reaction heat. It has been shown that the

thermal cracking reaction of endothermic fuels occurs at very high temperatures;

n-dodecane, for example, is stable to 1100 K, at which point thermal cracking starts to

become significant. These reaction temperatures are generally much higher than the

critical temperatures of hydrocarbon fuels, so that the heat management of future

aircraft is expected to require use of supercritical fuels [Edwards, 1993].

For aircraft which achieve hypersonic speeds in flight, the combustor operating

conditions differ vastly between the start-up, boost, cruise, and final approach

phases. Since fuel is used to absorb heat from the combustor for all phases, broad

ranges of fuel operating temperatures and pressures are encountered. Thus, the

regenerative fuel cooling approach increases the complexity of the combustor

system and strongly affects injection and mixing mechanisms. Fuel may be injected

as liquid under subcritical conditions or as gas under supercritical conditions,

depending on the extent of heating and the fuel's thermodynamic state at the nozzle

exit. Furthermore, supercritical fuels exhibit unusual thermophysical and transport

properties near their critical point: liquid-like density, zero latent heat, zero surface

tension, and high compressibility. These fuels also exhibit large variations in specific

heats and speeds of sound, and enhanced values of thermal conductivity, viscosity,

and mass diffusivity [Nieto de Castro, 1991; Holland et al., 1983; Younglove, 1982].
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This section of the research program studied the injection of a supercritical fuel at

injection temperatures slightly higher than the fuel's critical temperature, with back

pressures lower than the critical pressure. The objective was to elucidate the effects

of thermophysical and transport properties near the critical point on jet appearance,

shock structures, and choking. Test conditions were designed to simulate injection

of an endothermic fuel at temperatures between the critical temperature and the

point where thermal cracking becomes significant. Ethylene and nitrogen were used

to simulate interactions between supercritical fuel and air. The experimental

methods and results were published in Wu et al. [1996]; a summary is provided

here.

The experimental apparatus for this research program, which is located in Test Cell

18 at the Wright Laboratory Aero Propulsion and Power Directorate, consist of a fuel

tank, a solenoid valve, a fuel temperature control unit, a nozzle, and the injection

chamber.
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Figure 7. Supercritical fuel injection chamber.
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The fuel tank assembly was designed to allow preset initial fuel pressures and

temperatures and to provide a steady fuel supply during injection. A solenoid valve

was installed in the fuel delivery line to control the injection duration. Supercritical

fuel temperatures were monitored with thermocouples and controlled by flowing

ethylene glycol outside the fuel pipe along the fuel delivery line for a distance of

over 6 m upstream of the nozzle. In order to study the effects of ambient back

pressure on the injection process, the fuel jet was enclosed in a large injection

chamber. This chamber was designed to provide a high pressure, high temperature

environment for the simulation of SCRAMJET and gas turbine combustor

conditions and industrial injector atomization processes.

Long-exposure shadowgraphs were used to identify the thermodynamic phase (i.e.,

gas or liquid) of the injectant. Schlieren photographs were employed to resolve

shock patterns and jet boundaries. The fuel mass flow rate was measured using a

Coriolis-type mass flowmeter, with an uncertainty of less than ±1%.

The fuel temperature and pressure were set to be slightly above the critical point in

order to study the effect of near-critical-point thermophysical properties on the

injection process. Ethylene was chosen as a test fuel because its critical temperature

is near room temperature, which reduces system safety requirements. Nitrogen was

used as the ambient gas because it is inert and has properties similar to those of air.

For ethylene injected at near room temperature, flow visualization showed an

opaque region in the jet of up to 40 nozzle diameters, probably caused by

condensation. This condensation will tend to cause ignition delay in propulsion

systems. For higher injectant temperatures, the ethylene jet was found to exhibit

shock structures similar to those of an underexpanded ideal-gas jet. Locations of

Mach disks were compared to values predicted for ideal gases. Good agreement was

obtained, which indicates that the Mach disk location is insensitive to fuel type. The

shock structure of ethylene jets at lower injection temperatures is obscured by the
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fuel condensation. For these higher injectant temperatures, mass flow rates were

found to be insensitive to the variation of back pressure, indicating a choked flow.

The jet mass flow rate was found to increase as the injection conditions approach

the thermodynamic critical point. Mass flow rates were 25 to 65% higher than the

mass flow rates calculated according to the ideal-gas isentropic-flow approximation.

A second isentropic approximation which takes into consideration the near-critical-

point thermodynamic properties was developed for ethylene, and the predicted

mass flow rates were found to be only about 15% lower than the measured values.

This approximation produced a similar trend of mass flow rates vs. reduced

temperature, which indicates that the increased mass flow rate at lower reduced

temperatures was caused by the large density increase characteristic of fluid near its

critical point.

Thermodynamic path analyses indicate that ethylene may pass through a liquid-gas

regime for lower injection temperatures. This suggests the possible coexistence of

liquid and gas phases at the nozzle exit. For higher injection temperatures,

calculated choking pressures were found to be very close to the maximum ambient

chamber pressure.
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G. Ethylene Mixing Studies

In work related to the supercritical fuel injection study described above, a brief study

of ethylene injection into a nitrogen atmosphere was performed in order to identify

the mixing characteristics of ethylene injection. A pressure cell which allowed

varying pressure and gaseous species concentrations was used, and Raman

spectroscopy was used -to determine the number densities of the mixing species.

Experiments were performed in the sub-critical regime, in order to study mixing

behavior near the supercritical regime and to validate the experimental setup

utilized in these experiments. The results of these experiments show that the

Raman Scattering signal levels are acceptable and are sensitive to pressure, so that

2D planar imaging is feasible. The experimental techniques utilized, and the results

obtained, are detailed in Dasgupta et al. [1995] (see Appendix).
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4. HT11 Software Development

In this section of the research program, a computer program was developed to

predict the performance of heat exchangers using the endothermic fuel

methylcyclohexane (MCH, C 7H 14) as well as the performance of propulsion

components cooled by MCH. The program, HT11, is written in FORTRAN 77, to run

on IBM-compatible desktop computers. The program was used to analyze test data

and validate the code. The program is described in detail, with case studies, in "HT11

- A Computer Program to Determine Performance of Heat Exchangers Using

Endothermic Methylcyclohexane Fuel: Formulation and User Guide" [Taitech

Special Report 95-1-1]; a summary is provided here.

HT11 is a performance code designed to estimate the exit properties of the hot and

cold streams of a heat exchanger of specified dimensions and core properties. A

performance code can be used to solve a design problem by adjusting core

dimensions through an iterative process until the desired exit conditions are

achieved.

HT11 is intended to handle pure counterflow or multipass cross counterflow mixed

and unmixed fluid cases for any core geometry which can be described by

conventional Kays and London surface properties [Kays and London, 1954]. The heat

exchanger may be divided into any number of calculation segments. HT11 can

currently access properties subroutines for air and for MCH. For MCH, thermal and

transport properties are called as functions of pressure, temperature, and fraction of

MCH reacted. An option exists to use fixed values of fluid properties. A subroutine

is also available to calculate external free convection and radiative heat loss from

the uninsulated test article.

To run HT11, an ASCII input file must be provided using a self-explanatory

template. The program functions in accordance with the Kays and London

effectiveness-NTU (e-NTU) method of estimating heat exchanger performance.
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Within each calculation segment the code iterates on an assigned effectiveness

value until the effectiveness used in calculated film coefficients agrees with the

effectiveness calculated from the e-NTU exponential relations. The calculated

effectiveness successively replaces the assigned effectiveness until the two agree.

To obtain convergence of the solution between segments, the computed exit

temperatures of each fluid in a segment must agree with the entrance temperatures

to adjacent segments. After one pass is made through each segment, the estimated

exit temperatures of each fluid are assigned as new values of the entrance

temperatures to the adjacent downstream segments. This process is repeated until

the temperature to be assigned no longer differs from the value used in the

previous iteration.
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5. Conclusions

This three-year research program has produced a large set of data on fuel injection

in high speed flows. Fundamental studies of gas and liquid-phase injection into

subsonic and supersonic crossflows were carried out. The supersonic studies of

single-jet parallel and transverse fuel injection will provide useful data for the

future development of more complex mixing-enhancing injectors, and will

contribute to the verification of future computational fluid dynamics programs. The

results of these studies were used in the development of an innovative method of

calculating the state of mixing (mixedness) in a flow from light scattering images.

This calculation method will allow visual diagnostic techniques to provide

quantitative mixing measurements.

More complex mixing enhancement schemes were also explored in the supersonic

regime. These schemes introduced geometric effects into the flow, and provided a

field for comparison with some of the more fundamental transverse and parallel

studies. In the course of both groups of studies, innovative diagnostic and

measurement techniques were developed, refined, and applied. In particular, the

use of multiple techniques (combinations of laser-based diagnostics and mechanical

probing, for instance) for the characterization of a single flow field has been shown

to be very powerful. These types of combination are especially important in the

challenging environments typical of supersonic research and applications.

In the subsonic regime, the studies described here have shown that liquid jets

always break up into droplets at the same point -- eight diameters from the jet exit.

The characterization of liquid jet breakup and supercritical jets will be of crucial

importance for the design of future propulsion systems.

The results of the research described in this report are already in use in successor

studies, including heat transfer measurement and boundary layer studies. More
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detailed mixing enhancement studies are contributing to the development of a

prototype design -for a SCRAMJET fuel injector, which is also in progress.

Thus, the research program described here can be seen to have made major

contributions to the ongoing study of high speed fuel injection issues, in both

fundamental and applications contexts. Future research, building on the results

described here, will carry the field further toward a basic understanding of the

physics of fuel injection into high speed flows, and toward the application of this

knowledge in the design and development of high speed aircraft.
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Abstract supersonic combustion test facility was designed and

constructed at the Propulsion Laboratory ,Wright-
The main purpose of this investigation is to conduct Patterson Air Force Base, Ohio [5]. Several

a series of inviscid calculations capable of accurately fundamental issues involving supersonic fuel-air
predicting the non-reacting flow fields associated with mixing have been investigated and reported [6-7].

underexpanded axisymmetric helium and hydrogen Glawe et al. [7] used planar Rayleigh/Mie Scattering
injections into a Mach 2 airstream. The flow fields and acetone PLIF to study the mixing processes of
exhibit complex shock structures of a Mach disk helium injection into a Mach 2 airstream. Based on
formation. The results show that Mach disks are their measurements, the Mach disk for Pjet/P-o= 5.0
observed for conditions of Pjet/Pw greater than 2.0. was visualized and the location of the Mach disk was

For higher pressure ratios, larger Mach disk formations identified. However, only limited quantitative
are observed at a location farther downstream. The information on these complex flow fields is currently
computed Mach disk locations agree favorably with in- available; systematic studies are required to further our
house experimental data. The Mach disk formation understanding of both the shock structures and the
apparently has a strong effect on fuel/air mixing mixing process.
processes. Injection of hydrogen is simulated and In the present study, parallel fuel injection at sonic
compared with the results of helium injection. The speed from a circular nozzle into a Mach 2 airstream
results of both air and nitrogen injection simulations are was chosen as a test model for two reasons. In the first
very consistent. place, numerical simulations can provide accurate

predictions of complex shock structures and mixing
Introduction processes. Secondly, numerical simulations are more

economical than experimental approaches in terms of
The design of hypersonic vehicles, such as the parameteric studies. A series of systematic numerical

National Aero-Space Plane (NASP), requires accurate simulations were therefor conducted to characterize the
predictions of combustion processes within a high flow fields and to highlight supersonic mixing
speed air-breathing propulsion system. Air breathing mechanisms. The knowledge obtained from present
combustors utilizing supersonic combustion are study will be important for designing efficient
currently under active development for the propulsion hypersonic combustors. In practice, hydrogen is used
of future hypersonic vehicles. In the past, supersonic as a fuel for scramjet combustors. In the laboratory,
combustion flow fields have been studied by numerous because of safety considerations, hydrogen is generally
investigators in order to optimize scramjet combustor replaced by helium. To date, however, there have
performance [I-4]. The performance of a propulsion been few studies comparing the flow fields of these two
system is directly reflected in the fuel-air mixing. One injectants. Therefore, the objectives of the current
commonly used configuration for fuel delivery is study are to identify the starting pressure match ratio
parallel fuel injection into a supersonic airstream. To for the appearance of a regular reflect and Mach reflect,
characterize the flow features of this configuration, a and to compare the locations, sizes and shapes of the

Mach disk for highly underexpanded jets with various
injectants. The calculated results are validated with in-

Aonauicst and As95bytrnAutics Inc stArights vedf house experimental data, from coaxial helium injectionAeronautics and Astronautics, Inc. All rights reserved.



with Pjet/Pw = 2.0 and 5.0, produced by Glawe et al In the species continuity equations Vnj is the diffusion

[7]. The discrepancies between the flow fields and velocity of species n in the xj direction and 63, is the
complex shock structures in the helium and hydrogen time rate of change of species n due to chemical
injection cases are also compared. reaction. Because the species densities sum to the total

density, it is necessary to solve only ns-I species
Governing Equations continuity equations in addition to the Navier-Stokes

equations.
The equations governing flow of a multiple species

gas mixture are the Navier-Stokes equations augmented Equation of State
with species continuity equations. The Navier-Stokes The gas mixture can be described by the perfect gas
equations, which represent conservation of mass, law
momentum and energy, are p = pRT

ap 8( ) where R is the gas constant of the mixture which is-+ = 0 given byat a x i ns

0I(9ui) + a [Pui uj +5Y P -T# ]= 0 R
St a XJ The gas constant of species n is given by

5(pE)

a + - [pujH+qj-ui]=.=O R.
W.

where Ru is the universal gas constant and Wn is the
where p is the density, ui is the velocity in the xi molecular weight of species n.
direction, P is the static pressure, tij is the shear stress
tensor and qj is the heat flux vector. The total energy E Thermodynamic Model
is related to the total enthalpy H by The gas is assumed to be a mixture of thermally

E= P perfect gases so that the temperature and the static
P enthalpy of each species are related by

and the total enthalpy is related to the static enthalpy h = C,,(T)dT +
and the velocity by

where Cpn is the coefficient of specific heat at constant

2 pressure and h° is the heat of formation at Tref. We
The static enthalpy of the mixture is given by further assume that the gas is always in thermal

f,, equilibrium and that Cpn can be described by a
h= Y, fnh, h. polynomial. McBride et al. [8] curve fit Cp for a

n.-I number of species. They use polynomials of the form
where hn is the static enthalpy of species n and fn is the C =,

mass fraction of species n. The species continuity ao + ai T+ a2T2+ a3T3+ aT4
equations written in terms of mass fractions are R

S(pJf n a where T is the local dimensional temperature in degrees

at + a_. .[ ui f" +Pv .,f .]= 0 Kelvin.

where the mass fraction is defined in terms of the Solution Techniques
species density Pn and the total density

f p. An axisymmetric FDSCHEM code [9], was applied
n tto simulate the flow fields of a coaxial fuel injection of

hP helium and hydrogen into a Mach 2 airstream. The
Note that FDSCHEM code is a 2D/axisymmetric, Euler/Navier-

= P" Stokes solver. The governing equations are discretized
using a finite-volume method with the explicit multi-

which gives the property stage Runge-Kutta time integration approach of
n Jameson et al. [10]. The flow quantities are stored at
Zf, = 1 the cell centers and the flux balancing reduces to a

contour integral for the faces of each cell. The total

2
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variation diminishing (TVD) schemes of Roe's flux- The test conditions for this simulation were based on

difference splitting [1 I] with different flux limiters are the aforementioned supersonic nozzle experiments [7].
incorporated into the current computer program such The pertinent operating conditions for the parallel sonic
that strong shocks can be captured without spurious helium injection into a Mach 2 airstream are
oscillations, and non-physical solutions can also be summarized in Table I.
eliminated by entropy correction. The x-e two equation
turbulence model is available in the FDSCHEM code. Computational Grids
This code also supports several chemistry models,
predominately covering helium-air and hydrogen-air A geometric layout of the supersonic parallel fuel
chemistry. Furthermore, the equations of motion are injection tunnel is shown in Fig.l. A computational

integrated in time using a multi-stage fourth-order grid system was generated in a domain of 0.1 m x
Runge-Kutta scheme with an implicit residual 0.0635 m; the computational domain of the coaxial jet
smoothing [12]. This enhancement can improve the flow problem is shown in Fig.2. The grid system
overall convergence rate of the steady solutions. utilized 151 points in the axial direction and 101 points

in the radial direction, with 25 points across the jet exit,

Boundary Conditions 35 points across nozzle base region and 40 points cover
the rest of external airstream region (see Fig. 3a). All

Boundary conditions for inviscid, non-reacting grids used are nonuniform distributions in both

coaxial jet flow field computations are summarized as directions. For a high-pressure jet (highly

follows: underexpanded ) condition, a rapid expansion wave
issues from the nozzle lip. In order to accurately model

Inflow boundary real physical behavior and to stabilize the solution

Inflow conditions on the upstream boundaries can be procedure, refinement of the grid points near the nozzle
divided into three regions: wall is mandatory. The stretching transformation
(1) region of sonic fuel injection ( 0 < y < 0.001778 in) proposed by Roberts [13] was employed to cluster the

All the jet conditions are specified. grid points in both the axial and the radial directions
(2) region of nozzle wall ( 0.001778 < y < 0.00635 in) adjacent to the nozzle base region. The detailed

The tangency condition is imposed. formulation of stretching function can be found in Ref

(3) region of external supersonic airstream [14]. In the current study, the minimum grid spacing in
( 0.00635 < y 5 0.0635 in). axial direction is 1.358 x 10-5 m, while a minimum

All the freestream flow quantities are specified and radial spacing around y = 0.001778 m (the location of
held fixed during the solution procedure. nozzle lip) is 3.5 x 10-6 m and around y = 0.00635 m

(the location of external comer) is about 8.61 x 10-6
Symmetry boundary m. A close-up view of the 151 x 101 grid system is
The jet centerline is a line of symmetry with no mass or shown in Fig. 3b. It can be seen that the nozzle base
flux across it. The derivatives in the direction region between the fuel injector and coaxial airstream
normal to the centerline are set to be zero. are well resolved.

Outflow boundary Results
The outflow boundary is chosen to be 56.2 nozzle radii
away from the nozzle exit plane. The assumption that Sonic helium injection: the formation of the Mach
uniform static pressure is equal to the ambient pressure disk
is likely to be true; all fluxes therefore are extrapolated Fig. 4 shows results of the Mach contours of six
from the interior points, different pressure ratios (PjetIPw) ranging from I to 5

for helium injection. For the Pjet' ' I case, the jetTop wall boundary.

The top wall boundary is about 35.7 nozzle radii away stream is almost parallel to the nozzle lip at y =

form the centerline of the nozzle axis. This is 0.001778 m (see Fig. 4a). For a slightly higher

consistent with the experimental set-up. Since the pressure ratio (Pjet/Pm = 1.2), the expansion waves

present calculation is limited to the inviscid case, a issuing from the nozzle lip are reflected as compression

tangency condition is imposed on the top wall. waves from the jet boundary. Subsequently these
reflected compression waves coalesce and form a barrel

Test Conditions shock (intercepting shock). Further downstream
(0.0054 m, LID = 1.54), this barrel shock is reflected

34



off the centerline of symmetry, and the reflected shock profiles. In general, the profiles across the shock only
emerges and interacts with the shear layer. This smear out one to two grid points; this indicates that
process is called regular reflection when the pressure sharp profiles for a wide range of pressure ratios are
ratio is still small (see Fig. 4b). When PjetPw = 2.0, the predicted well by the current simulation. These

embedded shock wave is strong enough that regular profiles provide an invaluable data base for studying

reflection from the centerline of symmetry cannot form, highly underexpanded sonic jets.

so the atmearance of a Mach reflection begins to occur.
Concurrently, there is a normal or nearly normal shock The effect of grid refinement

(Mach disk) that appears near the centerline of The purpose of grid refinement is to ensure that the

symmetry together with the barrel shock and reflected calculated solutions will be independent of grids. Figs.

shocks to becomes a triple intersection point. Behind 7a - 7c show three different grid systems, namely,

the Mach disk there is a region of subsonic flow 15IxI0I, 201xl5 and 251x201, and Mach contour

bounded by a slip line (sonic line) emanated from that plots for helium injection with the Pje/Po = 5.0 case

triple point. Figs. 4c-4f show that the size of Mach disk for each grid system. The location of the Mach disk for
gradually grows and its location shifts farther I51x101 grid system is about 0.0076 meter (or L/D =

downstream away from injector as the pressure ratio 2.17), while the Mach disks for both 201x151 and
increases. The figures clearly show that the salient 251x201 cases are located at 0.0075 meter (L/D =
features of complex shock structures; namely the 2.14). The shape of the Mach disk is much crisper
expansion wave, oblique recompression shocks, barrel when the grids increasing in both axial and transverse
shock, Mach disk and slip line, have been adequately directions. Moreover, the recompression wave, shear
captured and resolved. The computed locations and layer and jet boundary are much more distinct in the
sizes of the Mach disks for various pressure ratios 201x151 and 251x201 grid systems (see Figs. 7b and
ranging from 2.0 to 5.0 are summarized in Table 3. 7c). Nevertheless, the computed solutions based on the

15lx101 grid resolution are adequate to capture the

Detailed flow fields for Pjet/Pa, = 5.0 case essential flow features for highly underexpanded jet

Figs. 5a-5d show the contour plots of the density, problems.

Pressure, temperature, mass fraction of He, velocity
vectors and streamlines for the Pjet/P• = 5.0 case, 0.5 mass fraction contour lines vs. mixing process

the density of air is 7.2 times larger Fig. 8 shows the 0.5 mass fraction contour lines
respectively. Since the Ma ch i s is not induced by various pressure ratios. This 0.5 mass

than that of helium (cf. Table 2), the Mach disk is not fraction contour line can be viewed as an indicator of
quite visible in this density contour plot, and the density, the air/helium mixture ratio. As pressure ratio

of air dominates the upper portion of figure (cf. Fig. the 0.l m ass ratio. Astor es ra tio

5a).On he cntrry, he ressre ontors re qite increases, the 0.5 mass fraction contour lines. graduallySa). On the contrary, the pressure contours are quite rise. This suggests that the mixing process of air/helium

strong at the jet exit and the Mach disk is noticeable

(Fig. 5.b). It can also be seen that there is a high might also increase as the pressure ratios increase. The

region ( Fig. 5c) located at the upper Fig. 8 also illustrates that the mixing process evolves
temperature cre ion (see zone adjaceatdto the nope and is quite active due to a strong recirculation in theportion of the recirculation zone adjacent to the nozzle reinmedalyftrheozebs.

base region when the highly underexpanded jet is region immediately after the nozzle base.

exhausted from the nozzle. This is the reason the
nozzle base region can serve as a flame holder. Fig. Sd Comparison the location of the Mach disk bewteen

shows that mass fraction of air/He occurs in the middle the measures and computed values
portion of nozzle base region. The close-up views of Fig. 9 shows the two schlieren photographs of sonic

both velocity vectors and streamlines (Figs. 5e and 5f) helium injection in the PjetP' - 2.0 and 5.0 cases. The

show recirculation near the nozzle base region. corresponding locations of the Mach disks in the
experimental data [71 are 0.0053 m and 0.0075 m,

Centerline profiles of flow variables with helium respectively. Computed values of the Mach disk

injection locations for these two cases are 0.0056 and 0.0076 m,

The centerline distributions of densi-y, pressure, which are very close to the measured values. The

temperature, Mach number and axial velocity are percentages of error between the calculated and

displayed in Fig. 6. The overall centerline distribution measured values are 5.6 % for Pjet!Poo = 2.0 case and

of profiles show no overshoot or undershoot across the 1.3 % for PjetP =- 5.0 case (see Table 4 ). The
Mach disk except for the Pjet/Pw =2.0 case, where calculated solutions thus agree very favorably with the

there is a kink in the temperature and Mach number experimental measurements.
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with a wide range of pressure ratios have been

Sonic injection with hydrogen conducted to capture the salient features of the flow
With the FDSCHEM code, the chemical model for fields. The specific conclusions and findings of the

hydrogen injection is also available. For hydrogen to present study are summarized as follows:
be reacting, the required temperature is very high.
However, in the present study the temperature used is (1) This systematic study provides a comprehensive
based on the temperature condition of helium, understanding of coaxial sonic fuel injection into a
Therefore the flow features of helium and hydrogen supersonic flow. The essential features of the current
can be compared equally. Fig. 10 shows the Mach problem, namely the barrel shock, Mach disk, slip line
contours for hydrogen injection for Pjet/P1 O = 1.0 (sonic line), triple point, and recompression waves have

through 5.0. The Mach disk appears beginning with been captured adequately.

Pjet/Pw = 2.0. The size of Mach disk increases and the
location of the Mach disk shifts farther downstream (2) As pressure ratios increase over a range from 1.0 to
from the nozzle exit as the pressure ratio increases. 5.0, the detailed evolution of flow behaviors, namely
This qualitative trend of the solutions is very similar to regular reflect and Mach reflect, can be observed
This qualitmatase torendof pressouretions is ver milr 4. vividly. Furthermore, for higher pressure ratios, the
the helium case for each pressure ratio (cf. Fig. 4). sieothMahdkinrssgaulyadte
However, quantitative measurements of Mach disk size of the Mach disk increases gradually and the

locations of hydrogen generally will appear at 1.4 to downshceam.

21.6 % of upstream position from nozzle exit as

compared with helium cases. The Mach disks are 4.2 (3) For sonic helium injection for P 2.0 and 5.0
to 34.7 % larger for the hydrogen than for the helium (et = 5

cases as the pressure ratio decreases from 5.0 to 1.0. cases, the predicted locations of the Mach disk agreed

(cf. Tables 3 and 5). Fig. II shows the centerline well with the experimental results. The error is about

distribution profiles of density, pressure, temperature, 5.6 % for Pjet&Pco = 2.0 and 1.3 % for PjetPw = 5.0

Mach number and axial velocity for hydrogen injection. case.
The pattern of distribution profiles is also very similar
to those observed with helium injection. The profiles (4) The location of the Mach disk for hydrogen
are very sharp across the shock except in the Pjet/Pm = injection is slightly upstream of the location for

2.0 case. helium injection with the same pressure ratio. However,
the size of the Mach disk for the hydrogen case is larger

The effect of different injectants than for the helium case.

Figure 12a. shows the Mach and temperature
contours of the Pjet/P, = 5.0 case with air injection. (5) The centerline distribution profiles of density,

pressure, temperature, Mach number and axial velocity
Fig. 12b shows the same contour plots with same for both helium and hydrogen injection cases do
pressure ratio, except that the injectant is nitrogen. As provide an invaluable data base for studying the
mentioned previously, the thermal properties ( such as axisymmetric underexpanded sonic fuel injection into a
density , gas constant, specific heat ratio etc.) of air" ' Mach 2 airstream.
and nitrogen are very close ( cf. Table 2). As a result,
the flow features based on calculated solutions are (6) The calculated solutions for both air and nitrogen
almost identical, as expected. The centerline injec tions a r i the lation, izeoand
distribution of pressure and Mach number profiles shjections are very consistent. The location, size and

(Figs. 12c and 12d) for both air and nitrogen are shape of Mach disk are almost identical. It is evident

exactly the same. The positions of the Mach disk for that FDSCHEM code is very reliable to simulate the

b6th air and nitrogen are also the same, i.e. 0.0073 complex flow problems like current study.

meter (L/D = 2.09). The profiles across the shock do
not show any wiggles. It is evident that the current
predictions are very reliable and can provide further This work was partially supported by and was
insight into the highly underexpanded sonic jet. performed at Wright Laboratory, Aero Propulsion and

Power Directorate, Wright Patterson Air Force Base
under contract No. F33615-93-C-2300. The present
calculations were performed on CRAY YMP/C90 of

The numerical simulations of axisymmetric sonic c oD wigh performe on C ene at

fuel injection from a nozzle into a Mach 2 airstream
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Fig. 1 Geometric layout of the supersonic parallel fuel injection tunnel.

UPPER WALL

STAGk4 6ION PRESSURE Po• 57.7 DOso
STATIC PRESSLW Pint .5 oo 2.25FREE STAGNATICI TEMP. to SVP 2 1

-REE STICTEMP. T,. •R (57.15 mm)
STREAM FREES STREAU uAC'*u Int 2.0

SPLITTERPLATE /STRUT .J80.

INJECTANT CONDITIONS - HELIUM
PRESSURE,,,,CHO WATCHEDZ--- C TiP:-"
T&GNATKIN PKSSURE Po let * 65.4 Palo JET. AX)S.M.QTR LINE

STATIC PRPESSURE Net 2 1.5 0on .7
STAGkAT,0 TEMP .. at (a.77 mm)STATIC TEMIX. Tilt w 40SIR •

FREESTREAM.•.' M Jet a 140 Jt40 (3.55 m)
ZX PRESSURE MATC)HED INJECTOR ORIFICE
S TACNATK) PRSSURE Polet - 31111s Pa39
STAEC PRESSmURE Pl*t . Polo 3a"
S1A•NAIIM I I, Is 1 v# ,540IIfl
sisA : Iut .uIp I .41..y (100 ttuitl)I IIt I.• IIIILAMUM, l l U j el M *g •.O

5x PRESSURE MAtCHED
STCGLATK2EP•RSStRE Polet - 77 Palo
STATIC PRESSURE PJ9t - 37.5rPD•o
STAGNATION TEMP. To1 t 'vS40'R
STATIC TEMP. TIot a *X SIDE VIEW
FREE STREAM MACH* U let 1.0

Fig. 2 Schematic representation of computational domain and operating conditions for
sonic Helium injection into supersonic airstream.

7



151x101 Giid System
0.070

0.060

0.050

E 0.040

0.030

0.020

0.010

X (meter)

Close-Up View of 151x101 Gild Systems
0.010

0.009

0.008 region of external supersonic airstream

0.007

S0.006

2externs corner. y-0.00635
0.005 1111 1 1

0.004ý region of nozzle wall

0.003 1111 1 =

0.003

0.00 1 region of sonic He injection

X (meter)

Fig. 3 151x101 grid system, (a) global view, (b) closed-up view.

q1



Mach Contours (PJ,/P-, 1.0) (d) Mc otus(J..30

O-W9 70.010Injection with e

E 2 320.07
O 21550.7

0.0S -C f 980
a l: am0.006
A 1632

0.004~~ 457 021S,%

a 263 ~ 0.005 2
0.0037 1106 ý

000 09a6ý-.4

00 20756 0.0 13 : .

0.001 1 0093 0.003 -o 6
2 0237 .113

0.0 n .. N 06 0.002 .- 4 5

00000
QQ 0xas 0.001 03 Ooi O' 00 41 pW0ý pN7 p'

X (=sarie

(b) Mach Contours (P,,/P_=1.2) (e) Mach Contours (PJ/P-=4.0)
0.010 -Injec 'on with He 0.010 Injection w He

0.009 0.009

0.008 0.008

0.007 L4 0.007 - I

2.33

-C 0.006 '.006

A.5-;0.005  04 , I
1.76

0040.004 (54Z

0.003 0 __

000~2 0.002
b, 0,46

0.000 0.000 l

(c) Mach Contours (P]P_=2.O) ) Mach Contours (PJP..=5.0)
0.00jection with e 0.010 Injection with e

0.0090.009

00.008

0.008

0.007

0.001 - -0.006

-0.000 ,9

0.00 070
1.X (m.0er

Fi.4 Mc0otur.o0oi0eiu4neto ih(a jtPo10 ()Pefc 12
(c) jet~co .0,(d)PjetPco 3.0 (e)Pje/Pci = .0, nd 1) jet/O.=5.0

0 .003 71 O .J



(a)(b
Density Contours (P.,/P..5.O)() Press. Contours (P R .=5.0)

0.010n~w Injection~witt~ e

0.009 -0.009

000 -P 0.008

0.0 - 0.0

0.010 Ine0.nwthH005 necinwihH

0.004 0.004

0.003 0.003

0.00 0/60.002

0.001 0.001

0000.000 .7

06P

X (Meter(i X (rMlert

(e elc.RVcs P/=5.0) M st racione (P.us PP_50

0.010 7Injection with He 0.010 7Injection with He
0.009 0.009

0.00 0.008

0.007 - = 7 2 .O

0.0060 0.004

0.004 220 0.005-

O.OG 0.003

0.0030.3

0020.002

0.0010.001

0.000 0.0000

X (Mielit X (metert

(e) V~~~eltyVcityr vectors5.0 Stendie (I) stramlines



Centerline Density Profiles Centerfine Press. Profiles

0.6 -Injection with He 3xI Injection with He

0.5 -2.5xW0P.P

2.5 ----- 3.0
-10.4 \--------3.0 - 2.0x104.

----40 .--- 5.0

-------- 5.0IO -

0.0 1.0xlo*

X (mieen X (meWfn

(c) Centerline Temp. Profiles (d) Centerline Mach No. Pmroiles
4W0-Injection with He Injection with He

5.007

350.0 4.50

300.0 - I0

* ~ ~ ~ 3 -.. :L
~250.0 -'- .

.f200.0

150.0 -.-- ----3.

4.00

50.02

0.50 ,

X (nft1 '"

X fuxww,

(e) Centerline Velocity Profiles

2.Oxl&Injection with He

5.0x10e

X (=a~

Fig. 6 Centerline profiles for sonic helium injection, (a) density, (b) pressure, (c)
temperature, (d) Mach number, and (e) axial velocity.



() Close-Up View of l51x1Ol Grid System Mach Contours (P~/. O it ~xilGi
0.00 -00 Injection with e

0.009

0.0098
0.008

0.0070-

0..004

0_003

0..002

0.002 0.002

0.000

0010"3p 'O' 'P"' "o<ý" 0.000~

X (meter)

(b) Close-Up View of 201xI51 Grid System Mach Contours (P,/.=5Owih215 Gd

0.091111il Injecti with He
0.009

00.008
0.0087
00.007

006 0.0 .7

0 ------

.0.005 0'2W
0.004

0.004 ________ __

.00
0.003

00.002.

0.001 0.0 JI

0.001
0.000

X00eer 0.00 000 .

X (meterl

(c) Close-Up View of 251x201 Grid System Mach Contours (P.,. .O ih 5x01Gi
0.01 ........ Ht itf LM. f . il .. .......... 0-00 7Injection w ith He

0.009 0.008

0.0080.008

0.004 
07V0

ý0004

0 '003 0.003 -l

0.002 0.002

0.001 0.001 -

0.00 0.00 "11 - - -

X (mter)0 03 0
X X (meter)

Fig. 7 Grid systems and Mach contours for sonic helium injection with the Pjet[PR = 5.0
case. (a) 151x101 grid, (b) 201x151 grid, and (c) 251x201 grid.

12 5-_3



0.5 Mass Fraction Contour Lines
0.010:

Injection with He
0.009

0.008

0.007- dT

0.006 -5.0
~0.4.0

0.003 - 3.0'

0.002

0.001

X (zneter)

Fig. 8 0.5 mass fraction contour lines for sonic helium injection with the PietfpaO 2.0 and 5.0

fig. 9 Schlieren photographs of sonic helium injection into a Mach 2 airstream with
(a) Pjet/Pa, = 2.0 and (b) Pjet/P,, = 5.0 case.

13



Mach Contours (P~Jp=i.O) (b) Mach Contours (P.,P2.0
0.010 7Injection. wit 0.01 Injection with _=.0

0.009 0.009

0.0080.008

.90.006

0..005

0.0064 _ _ _ _ _

0.00300m

0.002 ~~0.002 l: 9

0010.001 -

X (mee,1X (mearl

(c) Mach Contours (PJJP = 3.0) (d) Mach Contours (P.,/P = 4.0)

0-010 : 7 Injection with H,000:7Ijcto ihH--

0.00 
01 1.8

0004 _____ ____..10..00_

Mah onors(P =50

0.0 0im
0.00 0004i

Fig.10 ach onturs or-ONihyrgniecinit(aPj/Po .,(bPe/cI
2.,.c)003L~x 23.01d jtPr 40 ,e e[co 50

0.002 14



(a) Centerline Density PrIfiles Centerline Press. Profiles

030 Injection with H2 3.00,'- Injection with H,

0.25 2.5x10s

• 2.0 2.0

E M-----3.0 2,010'--- - 2 .0"2 0.20 \ -..-... 4..0 2"xlZ \. . .3.0

------- 4.0 - -4.0

"8 0.15 '" ' \ .' .SxlO• '

0- ----- - - - - - - - -5.-

- ~ ~ ~ ~ ~ ~ ~ lx0 -- ------- - - - -

"0-'5 4" -- -- ,.X O 4, - -l

5.0.10 T

I r .allo . . . . I . . . I . . . .I

X (=left X (moer

(c) Centerline Temp. Profiles (d)Centerine Mach No. Proiles

3W.0 Injection with H, Injection with I•

2-0. 
4.50250.0 ,- - ,-' ,=• ---..: -•-._-."- ----. 5

I 4.00

2.000 I , .- ' P .
PIP 2.00,23.0 3.00 - ----- 3.03.. . 0 , . ..... 4.0

100.0I 2.00

"1.50 
-

50.0 1.00

0.50 .

O-O '-p '- '- P~ P~ "'0 ;P ;P 0P '"'-PO tP 0.00

X (mean

(e) Centerline Velocity Profiles

3.Oxl~o Injection with H2

2.oxlon

2.OXlon POP-
13.0

4.0

.5.0frl.5110

5I.0XICn

O .O x1Oa, . •. . . .. . . . .

X (nme"l

Fig. 11 Centerline profiles for sonic hydrogen injection, (a) density, (b) pressure, (c)

temperature, (d) Mach number, (e) axial velocity.

15 :5-4



()Mach Contours (P,/P_=5.O) Temp. Contours (P,/P..5.O).
0.010 - njectdon ith Air 010Injection wi Air

0.006 0.00w

45 S 67J4

(c)~ ~ ~ ~ ~~ 5 Cent00in Press Prflso i n,(d etrieMc o PoiefAradN0115 [

105 -OD 000

1.000 F on= w- 0.01 Ineto withN

0.500 --

0.0 - 0. 00 02~ ~ ~ , O ~ o

0.016



Table I. The Operating Conditions for Sonic Helium Injection into a Mach 2 Airstream.

Po To Mach# Poo TIM Poo
Pa K Pa K kg/m3 m/s

air 295.442 300 2.0 37.758 167 0.7894 518
He case 1 92.755 339 1.0 45.181 254 0.8556 939
He case 2 164,898 339 1.0 80.322 254 0.1521 939
He case 5 398.503 339 1.0 194.111 254 0.3676 939

Table 2. Thermal Properties of Gases.

Gas Density (kgim3) Molecular Weight Gas Constant Specific Heat Ratio

Helium 0.1640 4.000 2077.20 1.667
Hydrogen 0.0826 2.020 4126.00 1.406

Air 1.1900 28.960 287.03 1.402
Nitrogen 1.1650 28.013 296.80 1.401

Table 3. Computed Locations and Sizes of Mach Disks for Helium Case (D: nozzle diameter, 0.0035 m).

Pjet/Pw Locations of the Mach Disk Size of the Mach disk

(meter) (L/D) (meter) (S/D)
5.0 0.0076 2.17 0.00239 0.68
4.0 0.0074 2.11 0.00218 0.62
3.0 0.0069 1.97 0.00186 0.53
2.5 0.0063 1.80 0.00138 0.39
2.0 0.0057 1.63 0.00112 1 0.32

Table 4. Computed and Experimental Mach Disk Locations for Helium case.

PIePo Expertmentat Results Numencat Results Difference %

2.0 0.0053 0.0056 5.6
5.0 0.0075 0.0076 1.3

Table 5. Computed Locations and Sizes of Mach Disks for Hydrogen Case (D: nozzle diameter. 0.0035m).

PjeiP- Locations of the Mach Disk Size of the Mach disk

(meter) (LID) (meter) (S/D)
5.0 0.0075 2.14 0.00247 0.71
4.0 0.0071 2.03 0.00232 0.66
3.0 0.0062 1.77 0.00230 1 0.65
2.0 0.0047 1.34 0.00172 0.49

17I



AIAA 95-2551
Raman Scattering Study of Ethylene
Under Varying Pressure
S. Dasgupta, R. Vuppuladhadium, P.-K.
Wu, T.H. Chen
Taitech, Inc.
Beavercreek, OH,
C. Carter
Systems Research Laboratories
Dayton, OH
and
A.S. Nejad
Advanced Propulsion Division
WPAFB, OH

31 st AIAA/ASME/SAE/ASEE
Joint Propulsion Conference and Exhibit

July 10-12, 1995/San Diego, CA
For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics
370 L'Enfant Promenade, S.W., Washington, D.C. 20024



RAMAN SCATTERING STUDY OF ETHYLENE UNDER VARYING PRESSURE

S. Dasgupta,* R. Vuppuladhadium *, P. -K. Wu* T.H. Chen,* C. Carter**, and A.S. Nejad***

* Taitech, Inc., 3675 Harmeling Drive, Dayton, Ohio 45440

** System Research Laboratories, 2800 Indian Ripple Road, Dayton, Ohio 45440-3696
Advanced Propulsion Division

Wright Laboratory
Wright-Patterson Air Force Base, Ohio 45433

ABSTRACT combustion system. Factors such as ignition,
flame stability, combustion efficiency, combustor

Raman scattering studies of ethylene under durability, and pollutant emissions can be
varying pressure conditions have been connected to fuel spray characteristics and fuel-air
performed. Experiments were performed using a mixing. Furthermore, fuel under super-critical
pressure cell which allowed varying pressure and conditions have added complex characteristics
gaseous species concentrations. The experiments which play an important role in the combustion
were performed to establish the behavior of process. The thermodynamic characteristics of
ethylene in the sub-critical region to form a data fuel at or near super critical conditions are also
bas for future studies near the super critical state. not well understood. The goal of the overall
Raman scattering will provide information on research project is to study the mixing process of
species concentration and its variation with supercritical fuel with the surrounding gas.
pressure. The initial results obtained to date have
showed that the vibrational Raman modes of Ethylene and nitrogen will be used as the fuel and

ethylene at 1342 cm-1, 1623 cm-1 and 3020 cm-1  the gas components in this research study.
all showed the characteristic increase in Raman Spontaneous planar Raman scattering was used

signal intensity as a function of pressure to detect changes in species concentrations as a

indicating the feasibility of performing Raman function of pressure. This data provides the
imaging of ethylene fuel injection under initial basis for further studies of the mixing
supercritical conditions. Preliminary data of process for ethylene injection in the super-critical

mixing was also obtained by injecting ethylene regime and the comparison of concentration
into a nitrogen atmosphere, which were variations as a function of the fuel mixing ratio
consistent with expected behavior although time near supercritical conditions.
resolved measurements are required to get more
detailed information. Some preliminary Raman OVERVIEW
images were taken which showed qualitative
agreement with the Raman spectral data. Cooling of airframe under hypersonic flight

conditions is an engineering challenge. The use of
INTRODUCTION endothermic fuels have been proposed for

regenerative cooling of the airframe components.
Fuel sprays and their behavior under various This approach increases the fuel temperature and

pressure and temperature conditions often dictate pressure and the fuel is found to be in the

the nature of the ensuing combustion process. supercritical state prior to injection [1]. In order
The quality of atomization and subsequent to better understand the supercritical fuel mixing
development of the size and velocity distributions properties, initial studies of species concentration
of liquid fuel within the combustion chamber as a function of pressure will be carried out with
have a significant effect on the performance of the the pressure approaching the supercritical limit.



studies as a function of pressure. The pressure
For supercritical fluids, thermodynamic and test cell provided optical access in three different
transport properties exhibit unusual behavior directions. Quartz windows were utilized for the
near the supercritical point, e.g. zero surface optical access although all the tests were carried
tension, liquid like density, gas like diffusivities, out in the visible wavelength regime. The test cell
etc. [1,2,3]. Near the critical point, the gradient of consisted of one gas inlet line and an ouitlet line
fluid density with respect to temperature and placed in the same vertical plane as the scattering
pressure is very large. These properties affect the probe volume. The pressure cell has the
atomization and the mixing process of the fuel. capability of being pressurized up to 69 MPa
Chen [4] recently studied the atomization which is well above the critical pressure of 51.13
processes of supercritical SF6 injected into MPa at 283K. Scattered light at an angle of 90
quiescent gases and found the supercritical fluid degrees to the incident beam was collected using
exhibited an opaque core which persisted for a a 75 mm focusing lens into an ISA-Spex
long distance before disappearing as a result of spectrometer in order to observe the behavior of
mixing and/or phase change. However, core the scattered light. A notch filter centered at the

,lengths observed were much smaller than those 532 run laser line was used to filter out most of the
produced by sub critical liquids injected under Rayleigh scattered light at the entrance of the
the same test conditions. Hermanson et al. [5] spectrometer.
studied the supercritical (cryogenic) nitrogen
injection into supersonic flow streams and The spectrometer used was a 0.46 m
attributed a reduction in penetration height, when imaging system which was used with a grating
compared to sub critical ethanol injection, to a which had 1200 grooves/mm and blazed at 500
larger degree of superheat. These studies indicate nm. A CCD camera was used to detect the
that the atomization and mixing processes of scattered light. The detector consisted of 578 x
supercritical fluids are very different from those 385 pixels with each pixel size being 22 microns in
observed under sub critical conditions. width and 27 microns in height. The detector was
Nevertheless, the results obtained from studying cooled with liquid nitrogen to increase its signal
the mixing properties of fluids in sub critical to noise capability. The operation of the
conditions will be used a frame of reference for spectrometer and the detector were controlled
further study on supercritical fluid injection using a Pentium computer system. The pressure
processes. in the test chamber was monitored throughout

the experiment using a pressure gauge. The
EXPERIMENTAL APPROACH accuracy of the pressure gauge was + 0.5 psi. A

thermocouple was also used to monitor the
Raman scattering was used to perform studies on temperature in the cell during the experiments in
species concentration as a function of pressure. order to ensure that localized warming was not
The initial studies were carried out with fluids in taking place due to the laser beam.
the sub critical regime in order to better
understand the mixing behavior near the Some preliminary Raman images were
supercritical regime and to validate the also taken using a Princeton intensified CCD
experimental setup utilized in these experiments. camera and an interference filter designed for the
A schematic of the experimental setup is shown in 3020 cm"1 ethylene Raman line. The images were
Figure 1. A Nd:YAG laser operating at its taken with an exposure time of 0.2 sec. The
frequency doubled output line at 532 run was pressure inside the test cell was varied during the
used as the excitation source. In the experiments imaging process. Time resolved Raman imaging
detailed in this paper, only time averaged analysis will next be performed to better
measurements were performed as a precursor to understand the mixing process during ethylene
future time resolved measurements. The fuel injection. A description of the results
Nd:YAG laser was operated at 20 Hz with an obtained in these initial experiments is now
average power of 1 Watt. The laser pulse width presented.
was around 7 - 9 nsec. The average power of the
laser was kept low in order to prevent air RESULTS AND DISCUSSION
breakdown in the scattering volume. A 300 mm
focusing lens was used to focus the incident laser The overall setup was initially tested to
light into a pressurized gas cell shown in Figure 2 determine proper operation of the experiment.
that was used to perform the concentration
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The first tests of the experiment were performed done. In future experiments, single shot
nitrogen gas in the test cell only. The 2331 measurements will be performed in order to
cm-1(607 nm) line of nitrogen was detected with accurately predict number densities. The
the pressure in the test cell being fixed at scattering cross section for the 633 nm (3020 cm"1)
atmospheric pressure, i.e. 0.1 MPa. Once the line was considerably better than the 573 (1342
nitrogen line was detected, the pressure in the cell cm" 1 ) line. Due to the better scattering cross
was increased up to 0.772 MPa in order to observe section at the 633 nm line, future studies of
the changes on the Raman signal intensity. Figure ethylene with pressures approaching the super
3 shows a plot of the 2331 cm-1 mode of nitrogen critical regime will be concentrated at this band.
taken as a function of the pressure in the test cell. The full width at half maximum (FWHM) were
The Raman signal was collected over a 10 second plotted for the ethylene spectra as a function of
duration, i.e. 200 laser shots from the 20 Hz laser increasing pressure. Figure 5 depicts a plot of the
with an average power of 1 Watt. In these FWHM of the two lines as a function of pressure.
experiments shot to shot variation in signal The plot shows that the experimental uncertainty
intensity was not monitored, so only qualitative of the measurements were in the acceptable range
assessment of the behavior of the signal can be and that there were no significant temperature
made. The data shows a definite increase in rise during the measurements..
Raman signal intensity as a function of increased
pressure in the test cell as expected. The sample The next set of experiments that were
volume was approximately 1 cu. mm. The Raman attempted involved the injection of ethylene into
signal intensity is considerably lower in the 0.1 a nitrogen environment and then re-injecting
MPa case. This is attributed to the design of the nitrogen back to study the effect of mixing. Due
test cell which has the inlet and outlet for the gas to the limitations of the experimental setup,
flow situated directly in line with the optical qualitative variations in the data were studied.
measurement volume. Figure 6 shows a plot of the nitrogen line and the

ethylene line under mixed conditions. The test
Following this initial verification, chamber was initially pressurized with nitrogen

ethylene was introduced into the test cell up to 0.2 MPa. Ethylene was then injected in
(following a nitrogen purge) and the spectrometer steps so that the total pressure was near 0.47 MPa;
scanned and the 1342 cm -1 (573 nm), 1623 cm-1  and then nitrogen was re-injected up to a total
(582 nm) and the 3020 cm- 1 (633 nm) vibrational pressure of 0.6 MPa. As seen from the plot, the
Raman modes of ethylene were detected. Figure relative cross sections for the two interactions are
4 a, and b are plots of the 573 nm and the 633 n different and the ethylene Raman line
peaks taken as a function of increasing ambient demonstrates larger changes with small changes
pressure. As is clearly evident from the figures in pressure. The drop in the ethylene signal at the
the Raman signal intensity increases with high end of the pressure scale is attributed to local
increasing pressure, i.e. increasing number changes in species concentration during the
density of the gaseous species. The signal at 0.1 measurement process.
MPa is considerably weaker compared to the
signals at higher pressures. This is consistent Following these preliminary spectral
with the observation with nitrogen also and is studies, Raman imaging was attempted. An
attributed to the presence of a constant gas flow interference filter designed for the 633 nm (3020
in the optical measurement volume. Careful cm- 1 ) line was used along with a Princeton
observation of the signal in Figure 4a (573 nm instruments intensified camera. The 20 Hz
line) shows that there is a definite increase in the Nd:YAG laser was once again used to excite the
baseline counts at the higher pressure readings. Raman process in ethylene. Images were taken at
This is due to the increase in Rayleigh scattering varying pressures with an exposure time of 0.2
intensity at higher pressure levels. This effect is sec. Figure 7 shows Raman images of ethylene for
not visible in the 633 nm spectra due to its pressure readings of 0.15 MPa and 0.46 MPa. The
separation from the incident laser light increase in signal intensity with increase in
wavelength. The data showed qualitative pressure is evident from these images.
agreement with the expected results, i.e. increase
in Raman signal with increase in cell pressure, but The results presented in this paper were a
due to the averaged measurements performed precursor to performing 2D planer Raman
actual calculations of number density were not scattering studies of ethylene fuel injection near
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super critical conditions. Time resolved 2. McHugh, M. and Krokonis, V.,
measurements are the next step to the initial Supercritical Fluid Extraction: Principle and
experiments presented here. The experimental Practice, Butterworths Pub.., 1-5, 1993.
setup required to perform the fuel injection
studies under high pressure are currently 3. Holland, P.M., Eaton, B.E., and Hanley,

operational in the research facilities [6]. Time H.J.M., "A Correlation of the Vikcosity

resolved measurements will involve the usage of and Thermal Conductivity Data of

a fully automated pressure chamber and fuel Gaseous and Liquid Ethylene," J. of Phys.

injection system which will significantly improve Chem. Ref. Data, 12,917-932, 1983.

the quantification process. The general
conclusion from the above results is that planar 4. Chen, L.D., "Supercritical
Raman scattering can be used as a tool for Atomization Studies," AFOSR
studying fuel injection and mixing. Overall Supercritical Fuels/Combustion
feasibility of the desired goal has been established Workshop, WPAFB, Ohio, February
with the set of experimental results presented 1994.
here.

5. Hermanson, T.C., Papas, P., and Kay
I.W., "Structure and Penetration of a
Traverse Fluid Jet Injected at

In conclusion, the ability to use Raman TupersFid jetsureecto

scattering to detect changes in number densities Supercritical Pressure into

of species as a function of pressure was Supersonic Flow," A1AA 92-3652,
1992.

demonstrated. The preliminary experiments
performed demonstrated that the signal levels 6. Wu P.-K., Chen, T.H., Nejad, A.S.,
available were reasonable so that 2D planar and Carter, C., "Injection of Super
imaging is feasible. The signal level variation was Critical Ethylene in Nitrogen," AIAA
also in accordance with the expected signal levels Paper #95-0382, presented in the
showing that the experimental setup is very AIAA Conference in Reno, Nevada,
sensitive to the Raman signal. It is expected that January 1995.
with further increase in pressure in future
experiments, Rayleigh scattering intensity will go
up but not significantly reduce the signal to noise
ratio. Preliminary Raman images were also taken
and showed the expected variation in signal
intensity with pressure. In future experiments
time resolved measurements will also be carried
out to quantify the mixing and fuel injection
process.
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An experimental investigation was conducted to compare the supersonic mixing per-

formance between a novel aerodynamic ramp injector and a physical ramp injector. The
aerodynamic ramp injector consisted of nine, flush-wall jets arranged to produce fuel-vortex

interactions for mixing enhancement in a supersonic crossflow. Test conditions included a

Mach 2.0 freestream with a Reynolds number of 3.63 X 107 per meter and jet-to-freestream

momentum flux ratios of 1.0 and 2.0. Conventional probing techniques including species com-

position sampling were employed to interrogate the flow field at several downstream locations.

Results show that with increasing jet momentum, the aero-ramp exhibited a significant in-

crease in penetration while the physical ramp showed no discernible change. The near-field

mixing of the aero-ramp was superior to that of the physical ramp. At the higher jet momen-
tum, the far-field mixing of the aero-ramp was comparable to the physical ramp. In all cases,

the total pressure losses suffered with the aero-ramp were less than those incurred with the

physical ramp. For both injectors, the total pressure losses decreased with increasing jet mo-
mentum. It is concluded that these results merit further studies and parametric optimization
of the aero-ramp or similar configurations.

Nomenclature Re = Reynolds number

A = cross-sectional area p = static density

CrHe = helium mass fraction Tt = total temperature

aa = maximum helium mass fraction u = flow speed

a, = H12-air stoichiometric mass fraction, 0.0292 U, = spatial unmixedness

3 = decay coefficient x = streamwise coordinate

Cd = injector discharge coefficient mfo = fully-mixed distance

del! = effective jet diameter, v'•add XH, = helium mole fraction

deq = equivalent jet diameter, 2 VZ- A,/ 7r Y = spanwise coordinate

dj = jet diameter z = vertical coordinate

- = ratio of specific heats
h = plume penetration height Subscripts
A = mass flux ratio. (pu)j/(pU)oo 0 = freestream property

AM = Mach number i = jet exit property
n = decay rate of cemar

77M = mixing efficiency Introduction
p = static pressure The role of supersonic injection and mixing enhance-

Pc = cone-static pressure ment is vital to the development of a successful hypersonic
pr = total pressure air-breathing propulsion system. A successful system will
11 = total pressure loss parameter be one capable of providing the thrust required to acceler-

= momentum flux ratio, (pu 2)j/(pu2 ).c ate an aero-space plane or missile from supersonic to hy-

personic speeds within the Earth's atmosphere. For flight
*Research Scientist, Member AIAA Mach numbers above 5, the adverse effects associated with

tSenior Research Scientist, Aero Propulsion & Power Direc- decelerating the flow to subsonic speeds for combustion
torate, Member AIAA prohibit the use of conventional ramjets. 1 Consequently,

JJ. Byron Maupin Professor, Department of Aerospace and the use of supersonic combustion ramjets (scramjets) has
Ocean Engineering, Fellow AIAA been proposed as a necessary alternative. Scramjet com-

Copyright @ by Raymond Fuller. Published by the American bustor velocities can be on the order of several thousand
Institute of Aeronautics and Astronautics, Inc. with permission. meters per second, resulting in severely restricted fuel resi-
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2 FULLER ET AL.

dence times. It is a primary concern in hypersonic aircraft In fact, studies conducted by Povinelli et al.1 3 and Schetz
development to limit the engine length and therefore the et al."4 concluded that for co-axial jets in supersonic flow,
combustor length to a reasonable size. This requires an jets with swirl produced no discernible effect on the mixing
effective injection scheme producing enhanced mixing and when compared to non-swirling jets. However, it is sus-
rapid combustion. A typical scramjet design configuration pected that the tangential velocities were too small to cre-
may include a pilot flame combustor system with hydro- ate radial and axial pressure gradients sufficient for mixing
gen as the injected fuel. While hydrogen can provide the enhancement. The experimental investigation of Tillman
necessary heat release to produce sufficient thrust levels, et al."5 concluded that the axial vortex mechanism pre-
its low molecular weight inhibits penetration and rapid viously shown to be responsible for rapid mixing in low-
dispersion. Injection and mixing augmentation schemes speed. subsonic flows is indeed effective in the supersonic
have been developed to effectively inject and disperse the jet environment. Naughton et al.' 6 conducted an experi-
fuel for efficient mixing and combustion. However, there mental study of the effect of streamwise vorticity on super-
usually exists a trade-off between rapid mixing and to- sonic turbulent mixing. A Mach 3 streamwise vortex was
tal pressure recovery. Hence, the goal here is to develop generated using a strut-mounted swirl injector exhausting
an injection and mixing augmentation scheme capable of into a Mach 3.5 freestream. Results were compared with
providing rapid mixing, stable combustion and minimal a baseline, swirl-free jet. It was found that with the ad-
pressure losses. dition of streamwise vorticity, increases in mixing rates of

The subject of transverse injection of a foreign gas up to 34% are possible.

into a supersonic crossflow has been studied extensively Much interest has recently been given to mechanisms
in the past.2- 6 A comprehensive review of the mixing of 'leading to enhanced mixing through the interaction of
transverse jets and wall jets in supersonic flow has been shock waves with fuel-vortex structures. Marble et al.17

presented by Schetz et al.7 Mays et al.' studied the effects first proposed the mechanism of shock-induced vorticity
of low angle injection into a supersonic flow. It was shown generation for supersonic combustion. It was argued that
that as the injection angle decreases the near-field mixing the interaction of a shock wave with a jet of light gas sur-
also decreases. However, this decrease in mixing is accom- rounded by an ambient heavy gas would generate vorticity
panied by a desirable reduction in pressure losses. In the around the perimeter of the jet. This vorticity is caused
far field, injection angle was found to have little effect on by the so-called "baroclinic torque" which is essentially a
the overall mixing. Fuller et al. 9 extended this work to misalignment of the pressure and density gradients at a
include injector yaw as well as low transverse angles. It point in the flow. An excellent review of this process was
was observed that while injector yaw did not increase the given by Waitz et al.,' 8 and a detailed model has been
rate of decay of maximum concentration, it did cause an presented by Yang et al.19 Marble et al. 2

1 later showed
increase in the overall injectant plume cross section, thus that this phenomena can indeed lead to a considerable
increasing the size of the mixing region. In both studies, and rapid enhancement of the mixing process. He also
it was shown that a matched pressure injection produced concluded that some mechanism for destabilizing the vor-
greater fuel concentration decay rates when compared to tex must be incorporated into the injector design to en-
an underexpanded case. sure complete mixing of the light gas with air. This agrees

It has been previously postulated and shown that with the proposal of Naughton et al.,i6 that a strearnwise

mixing enhancement may be achieved through the addi- vortex can enhance supersonic mixing if the vortical flow
tion of three-dimensional vorticitv. Based on experiments is passed through a shock wave of sufficient strength to
performed in the subsonic and transonic regimes, Swithen- cause vortex breakdown. Metwally et al.2i showed that a
bank et al.'" proposed that substantial increases in mixing strong shock/vortex interaction leading to vortex break-
rates might be obtained by introducing a swirling motion down is characterized by unsteady upstream shock propa-

to the fuel. It was postulated that the increase in fuel-air gation. apparent flow recirculation, and the appearance of

mixing rates resulted from the creation of radial and axial a recompression shock downstream. It was reasoned that
pressure gradients in the swirling flow. Povinelli et al." such behavior should lead to increased turbulence levels
investigated the penetration and spreading of helium in- downstream and therefore enhanced fuel-air mixing."i
jected into the vortex pattern generated by a delta wing in Numerous investigations 22 -27 have looked at wall
a Mach 2 airstream. Results were compared to a flat-plate ramp injectors as a viable means of providing enhanced
injector with the same projected frontal area and angle of fuel-air mixing. Ramp designs attempt to make full use
attack. It was concluded that the vortex motion generated of the various mixing enhancement mechanisms previously
by the delta wing injector led to substantial increases in discussed. The ramp should provide vortex shedding off
the penetration and spreading rates in supersonic flow. the edges and a local separation at the base. The fuel is in-
In a subsequent study, Hersh et al.12 obtained similar re- jected through the base and into the counter-rotating vor-
suits for fuel injected into a counter-rotating vortex struc- tex pattern. This situation creates a very dynamic mixing
ture also generated by delta wings. While these studies distribution. Furthermore, the ramp shock will reflect of
demonstrated the effects on penetration and spreading, the opposite wall and impinge on the plume/vortex struc-
no experimental data confirming accelerated mixing rates ture resulting in possible vortex breakdown and further en-
due to swirl in a supersonic stream had been produced. hancement of the mixing. The reflected shock should also
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FULLER ET AL. 3

create a baroclinic torque where it intersects the plume that the injection axis is parallel to the ramp compression
resulting in additional vorticity. Finally, the recirculation surface.
zone occurring due to flow separation at the base of the
ramp should provide flameholding similar to a rearward-
facing step. The major drawback to this design is its
dependency on maintaining pristine geometry in the ex-
tremely harsh environment of a high-enthalpy, scramjet
combustor. Its physically intrusive nature will necessarily
create "hot spots" with temperatures exceeding the ther-
mal limits of most practical materials. Furthermore, the
added drag and loss of thrust potential resulting from its
intrusive presence may be unacceptable in certain engine
design configurations.

The results of the previously described studies form
the database of knowledge which was applied in the devel-
opment of the novel injector design given the term "aero- Fig. 1 Physical ramp injector model.

dynamic ramp" or simply "aero-ramp." The aero-ramp
was first presented by Cox et al. 28 after a preliminary in- Aero-Ramp Injector
vestigation involving both experiments and CFD. This in- Figure 2 shows the three-by-three array of jet orifices
jector design consists of a three-by-three array of closely comprising the aerodynamic ramp injector model. Each
spaced, flush-wall jets with various transverse and yaw sonic jet orifice has an exit diameter of 3.18 mm. The first
angles. The jets were geometrically arranged so as to gen- upstream row of injectors consisted of three ports with
erate multiplicative fuel-vortex interactions which should a spanwise spacing of 9.53 mm, transverse angle of 150,
lead to enhanced mixing. These fuel-vortex interactions and no yaw. The second row of injectors was located 22.2
were to include skew induced vortex generation, shock mm downstream of the first row with a spanwise spacing
induced vortex generation, and vortex breakdown, all of of 7.94 mm, transverse angle of. 30', and respective yaw
which have been shown to be effective mixing enhance- angles of -15', 0', and 150. The third row of injectors
ment mechanisms. Furthermore the flush-wall design cou- was located 44.4 mm downstream of the first row with a
pled with low angle injection avoids the excessive pressure spanwise spacing of 6.35 mm, transverse angle of 450, and
losses, drag, and hot-spots associated with conventional respective yaw angles of -30°, 00, and 300. The injection
vortex generators. insert was designed to be mounted flush with the bottom

wall surface of the tunnel test section.

Test Facilities 3.13 dia. orifice 15

The Supersonic Combustion Facility of the Aero 3r

Propulsion and Power Directorate at Wright Laboratory, 3(r & 1.7 yaw
WPAFB, was used for all experiments documented herein. 4s"

Complete details regarding this facility have been pre- &-3a yaw
sented by Gruber et al. 2•9 This facility is a continuous run-
ning, open-loop supersonic wind tunnel with a rectangular
test section measuring 12.7-cm high, 15.2-cm wide, and
76.2-cm long. A pair of compressors capable of providing
up to 15 kg/sec of air with total pressures and tempera-
tures up to 48.6 atm and 922 K, respectively, were used to 4imensions are in mm.
supply air to the facility. A massive exhaust system was
used to lower and maintain the back pressure for smooth Fig. 2 Aero-Ramp injector model.

starting and safe operation.
Test Matrix

Injector Models Tests were conducted with a Mach 2.0 turbulent
crossflow. Freestream conditions were set for a total pres-
sure of 3.06 atm and total temperature of 295 K, producing

Physical Ramp Injector a freestream Reynolds number of 3.63 x 10' per meter.
The physical ramp injector used in these experiments Pure helium was used as the injectant to simulate hydro-

is based on the design concept first introduced by Northam gen fuel. The jet-to-freestream momentum flux ratio, ý,
et al. 22 In the present studies, the physical ramp injector, was set at either 1.0 or 2.0 as indicated. Recall that the
shown in Fig. 1, has a 10.3' compression surface with a jet-to-freestream momentum flilx ratio is defined by
leading-edge width of 403 mm. a trailing-edge width of 152
mm. and a length of 610 mm. The ramp base is canted at (PU2 )j (-PpM 2 )J (1)
10.30 and contains a 95.3-mm sonic injection orifice such q (pu2 ). - (ypM,2 )o"
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4 FULLER ET AL.

Neglecting discharge coefficients, this corresponded to an low Mach number - typically 0.05. This allows for the ap-
injection total pressure of 2.69 atm for q = 1.0 and 5.38 proximate measurement of total pressure and total tem-
atm for 4 = 2.0. For all cases, the injectant total temper- perature within the sampling channel. The gas analyzer is
ature was subject to ambient temperature which averaged calibrated to measure the helium concentration uniquely
approximately 295 K. - related to a given pressure, temperature and heat transfer

A right-handed, Cartesian coordinate system was cho- sensed at the hot-film operating plane.
sen with the origin placed at the leading edge of the in-
jector on the wall surface along the test section centerline. Aerothermodynamic Probing
The positive x-axis was in the freestream direction, the Aerothermodynamic measurements were performed
positive z-axis was in the vertical direction perpendicular using a standard set of probes. This set included a Pitot
to the wall surface, and the y-axis spanned the test sec- probe, cone-static pressure probe and a total temperature
tion. All lengths were nondimensionalized by an effective probe. The Pitot probe was a simple round stainless steel
diameter, delj, defined as follows: tube with an outer diameter of 3.18 mm and an inner

diameter of 2.37 mm, indicating a capture area of 4.29
deff = C° 5 dj (2) mm 2. The cone-static pressure probe consisted of a 3.18-

mm stainless steel tube with a closed-end, 100 half-angle
where Cd is the injector discharge coefficient and dj is conical tip. The cone had four pressure taps, each of 0.51-
the jet diameter. For the aero-ramp injector an equiva- mm diameter, located approximately 7.44 mm from the
lent jet diameter, d,,, was defined as the diameter of a cone vertex. These pressure taps were spaced azimuthally
single circular orifice having the same area as the com- at 900 intervals. All taps emptied into a common chamber
bined area of all nine orifices. This equivalent diameter to reduce error due to flow angularity. The total temper-
of the aero-ramp was equal to the single jet diameter of ature probe was based on an original design of Winkler 3t .
the physical ramp. The injector discharge coefficients for The probe consisted of a 3.18-mm stainless steel Pitot tube
the physical ramp operating at 4 = 1.0 and q = 2.0 were with a ceramic diffuser tip.. A type-K thermocouple with
0.75 and 0.84, respectively. The injector discharge coeffi- a 0.38-mm bead was mounted within the ceramic diffuser
cients for the aero-ramp operating at q = 1.0 and q = 2.0 tip. The diffuser tip has an inlet diameter of 1.60 mm and
were 0.89 and 0.92, respectively. For the physical ramp two side vent holes with diameters of 0.51 mm each. Ge-
injector, measurements were taken at axial distances of ometries were chosen such that the flow entering the probe
80, 118, 213, 518, and 700 mm. For the aero-ramp in- inlet would be effectively stagnated around the thermo-
jector, measurements were taken at axial distances of 65, couple bead. This design yielded a temperature recovery
103, 198, 503, 674 mm. With q = 1.0, these distances cor- factor of approximately 0.98 with a response time constant
responded to x/d 1ff = 9.7, 14.3, 25.9, 62.8, 83.6 for the (time to reach 63% of a step input) of approximately 0.01
physical ramp and x/dqff = 7.2, 11.4, 22.0, 56.0, 75.0 for seconds.
the aero-ramp. With q = 2.0, measurements were taken These three measurements are combined with species
at the furthest downstream distance only corresponding composition sampling to estimate all aerothermodynamic
to X/d•ff = 79.0 for the physical ramp and x/deff = 73.8 variables of interest. Data reduction consist of an itera-
for the aero-ramp. tive scheme utilizing the isentropic flow relations, perfect

gas relations, the Rayleigh-Pitot formula and the Taylor-

Test Procedures Mccoll cone flow equation. Details regarding the data re-
duction have been presented by Fuller et al. 9

Species Composition Sampling Results and Analysis

Species concentration measurements were obtained
using an intrusive sampling probe and gas analyzer de- Shadowgraphs
signed specifically for use in supersonic flow. The fun- Figures 3 through 6 show shadowgraph images of the
damental concepts have been presented by Ninnemann et physical ramp and aero-ramp injectors operating with jet-
al. 3" The sampling probe consisted of a small Pitot tube to-freestream momentum flux ratios of 1.0 and 2.0 as in-
with a conical tip and an internal divergence. This ge- dicated. The flow is left-to-right and the injector is at the
ometry was used so that an isokinetic sample could be bottom of the image. The thin shocks crossing at the ex-
extracted from the flow. Isokinetic sampling is ensured in treme left of the images are weak disturbances originating
supersonic flow by swallowing the shock into the probe. at the interface between the nozzle and test sections. Their
With a swallowed shock, there is no disturbance upstream angle with respect to the freestream is approximately that
of the probe and no distortion of the streamtube enter- of a Mach wave in a Mach 2.0 flow. It is important to bear
ing the probe inlet. The gas analyzer consisted of a hot- in mind that these flows are highly three-dimensional and
film sensor operating in a channel with a pressure tap and one must exercise caution in interpreting the shock struc-
a thermocouple. The sample was drawn into the ana- tures.
lyzer via the sampling probe and exhausted out through
a choked orifice. The flow through the channel is of very

American Institute of Aeronautics and Astronautics'
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Fig. 3 Shadowgraph image of physical ramp Fig. 5 Shadowgraph image of aerodynamic ramp

injection with q 1.0. injection with V 1.0.

Fig. 4 Shadowgraph image of physical ramp Fig. 6 Shadowgraph image of aerodynamic ramp

injection with q = 2.0. injection with V = 2.0.

In both Figs. 3 and 4, the oblique shock wave origi- In both Figs. 5 and 6, the nine jet interaction shocks
nating at the leading edge of the ramp is clearly seen. The appear as three composite shock structures forming over
angle of this shock is approximately 380 which is slightly each of the three rows of jets. In the case of- = 1.0 shown
less than that predicted for a 10.30 wedge in a Mach 2.0 in Fig. 5, the shocks are curved near the wall and become
flow. This is a result of the three-dimensional relieving nearly straight just above the jet plume. The initial an-
effect. Just downstream of the top edge of the ramp base, gles near the wall upstream of the first, second, and third
a recompression shock, similar to a lip shock on a rear- rows are approximately 480, 400, and 388, respectively.
ward facing step, is observed in both cases. As the flow All shocks reach a final angle of approximately 35'. In

expands over the ramp base it encounters the jet plume the case of ý = 2.0, shown in Fig. 6, the shocks appear
and must negotiate an upward deflection which results in to be stronger and the jet penetration has increased sig-

a recompression wave originating at the fuel-air interface. nificantly when compared to the previous case. Indeed
Further downstream along the fuel-air interface the shock the shocks are stronger with initial angles near the wall
wave originating at the upper edge of the jet Mach disk is upstream of the first, second, and third rows of approxi-

clearly seen. Note, the barrel shock and Mach disk may mately 550, 420, and 410, respectively. Again all shocks

not be clearly seen in these photographic reproductions. reach a final angle of approximately 35'.
In the case of ý = 1.0, shown in Fig. 3, two subsequent
compression waves following the one formed at the upper
edge of the Mach disk can be observed. In the case of
S= 2.0. shown in Fig. 4, only the wave originating at the
Mach disk is observed, however it is stronger than that ob-
served in the previous case. Various weak shocks appear
in the jet plume, however these shock are outside the cen-
terline plane and are a result of three-dimensional effects.
For background information on the structure of underex-
panded jets in a supersonic crossflow, the reader should
refer to Ref. 5. Finally, note that the observed plume
height does not change appreciably when ý is increased
from 1.0 to 2.0. This should be expected since most of
the jet momentum is in the freestream direction, however
some increase in height should result from a greater jet
expansion.
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xid*=9.70 Species Composition Sampling
e Figure 7 shows the profiles of helium mass fraction at

5 - each of the five stations sampled for the physical ramp in-
0.801 jector operating with a jet-to-freestream momentum flux

0.702 ratio of 1.0. Note that the contour color-scales are not
S002 consistent between plots. While the minimum value indi-

0.40320.304 cating the plume boundary is fixed at a mass fraction value

00 of one-half of one percent, the maximum value corresponds
0.005 to the local station maximum. This was done to preserve

0 .2 0 structural details of the plume as the mass fractions vary
y/d., over three orders o- magnitude. At Zide~f = 9.7, the jet

/ xd.=9.70 -potential core (OH, = 1) still persist in the plume. On the

0 6.45a left and right sides of the plume there are small triangular
structures of low-concentration helium. These are the ef-

0.539 fect of the two counter-rotating vortices stripping helium

0. away from the sides of the plume. At x/d61 1 = 14.3 the
30.302 plume shape changed dramatically. The helium has begun

0.242to wrap around the vortices and lift away from the wall
0. t24 surface at the centerline. At x/d 01 1 = 25.9 the helium
0.005 has now completely enveloped the vortex structure with

* .2 0 2 4the maximum concentration occurring at the two vortexy/d.,, cores. At x/d71 ! = 62.8 the vortex pattern convected up-
wards into the freestream and carried the fuel plume with

6,=2.9 160.it. The maximum helium mass fraction is still found at
6" ceach of the vortex cores. At x/d~ff = 83.6 it is clear

04 that the mixing distribution is no longer dominated by
0.120 the vortex structure and diffusive mechanisms have taken
0.113S0.09 over. The overall structure of the plume is very similar to
3 06702 that observed in the previous plot. The overall area of the

2 0051
S0.036 plume increased and the maximum helium mass fraction
0.020 decreased. Again the maximum helium concentration islocated in what remains of the two vortex cores.

2 Y/d. 4 6 Figure 8 shows the profile of helium mass fraction at

the fifth station sampled for the physical ramp injector
7 X/d,,2.8 operating with a jet-to-freestream momentum flux ratio
6 c_=.065 of 2.0. Here the plume is much fuller, however there is no

5 discernible change in the penetration. Furthermore there
5 is only one single maximum in the helium concentration

3ý occurring near the plume center indicating a weaker effect
3 0of the dual-vortex structure on the mixing distribution.
2 0This should be expected since the higher jet momentum
1 will tend to weaken the vortex structure.

o
0 2 4 6Y/do.

7 Xd,=36 7

6 ,2'

5 n .0.

30 .43
S0.034 023

1ý2 0.020

2 0ý1 2201

1/•, 001 0 2

y/d., -2 0y/d., 2

Fig. 7 Helium mass fraction contours for physical Fig. 8 Helium mass fraction contours for physical
ramp injection with =-- 1.0, ramp injection with 71 = 2).0.
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7 X/d.,=7.2- Figure 9 shows the profiles of helium mass fraction
qcý=o.533 at each of the five stations sampled for the aero-ramp in-

OH. ijector operating with a jet-to-freestream momentum flux
6A.4 ratio of 1.0. Again the contour color-scales are not con-. 0.427

.0.375 sistent between plots so as to preserve plume structural

0.= detail. At x/d011 = 7.21 three distinct jet cores appear
2216 in the single composite plume produce by the entire nine-2 0.163

0.,11 jet array. These jet cores are produced by the furthest

1[ 0.O5o.o58 downstream row of jets. The maximum helium concentra-
i tion is nearly half of the value produced by the physicaly/f., ramp at x/deff = 9.7 where the potential core still per-

7 ,sists. The diameter of each individual jet comprising the
6.•=0.318 aero-ramp is one-third the size of the single orifice of the

6 physical ramp, therefore the multiple potential cores of the

02o8 aero-ramp will be much shorter than the single potential

.054 core of the physical ramp. This will result in a substan-
0.102 tially larger decay rate of the helium concentrations in3 0.161

0.,30 the near-field. At x/dej! = 11.4 the three previously dis-
2 0.0 tinct jet cores have now merged into a single core at the

1 0.036 center with the maximum mass fraction occurring near

0o the wall. At x/dejj = 22.0 the jet core lifted away from

Y.d.1 6 the wall and penetrated farther into the freestream. At
x-/dcf = 56.0 the jet core split into two leaving behind a

7 X/d,,=22.0 secondary core in the boundary layer. This was originally
ci•==o.2oo identified by Cox et al.2 s as being the effect of two large

counter-rotating vortices generated by the aero-ramp in
o1A1 the very near field. These vortices induce an upward mo-
0.'12 tion at the centerline, disperse helium outward at the top,

3 0.,02 and entrain air inward near the bottom. This results in the
2 0.063 apparent bottlenecking of the plume. At x/d6 1 1 = 75.0

10.024oo the plume has become more rounded and the two cores
are beginning to merge as diffusive mechanisms take con-

S.2 0 2 4 trol.
yld.,, Figure 10 shows the profile of helium mass fraction at

7 x/d.,=56. the fifth station sampled for the aero-ramp injector oper-
6 o.ý=0.092 ating with a jet-to-freestream momentum flux ratio of 2.0.

Like the physical ramp case higher ý produces a fuller pro-
0.073 file. However unlike the physical ramp case the penetra-""0.075
0: .. o06 tion increased significantly with •. Furthermore the addedS0.057

3 .o048 jet momentum seems to enhance the vorticity generation
0.040

2o,031 as indicated by the increased bottlenecking and separation
10.022 of the primary and secondary cores.
0.014

0005

-2 0 2 4

y/d.y

7 x/d.,,=75.07

6 q_~c•=0.074 _.

5 ~ ~ o0.067 507

0,060 06
-•4 0.053 4 00-5

0.0g. 0.eim0s4rcio6otusfrarorm i.1 eiu asfato onor o eorm

0.033000

2 ~~~0.026 2002

1 0.012

-2 J 2 40

y/d,,, y/d.

Fig. 9 Helium mass fraction contours for nero-ramp Fig, 10 Helium mass fraction contours for aero-ramp

injection with • -. 0. injection with 71 = 2.(0.
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7 Aerothermodynamic Probing
Sxd.,i=9.7O Figure 11 shows the profiles of total pressure at each

of the five stations sampled for the physical ramp injector
0.= operating with a jet-to-freestream momentum flux ratio of
0.856
0.2w 1.0. In each of the plots shown, the contour color-scales
0.705

3 are consistent so that plot-to-plot comparisons may easily

2 0be made. At z/deff = 9.7 the effects of the ramp and
0.0 jet are clearly visible in the plot. Three local minima oc-

5 cur in the plot corresponding to the two vortex cores and
00 2 4 the jet. The local minimum of total pressure occurring in

y/d. the jet results from shock losses through the Mach disk.
7 The outer minima clearly identify the location of the two

Xfd.rt=14.3 vortices where the apparent reduction in total pressure
P/P. results from a transfer of kinetic energy to the transverse
0.= directions. Note the ramp shock is not apparent in this

0.8 plot since it was above the vertical extent of measurement.

3 .6n However the lip shock can be identified just above the fuel-0.5
S0.47 vortex structure. At x/d0 1 ! = 14.3 the losses in the jet
0.402 core have been distributed over a larger area encompassing

1 the plume and a certain amount of pressure recovery has
0 been realized. The vortices have retained their strength

y/d., and position as indicated by the total pressure. The re-
compression shock downstream of the lip shock can be

X/d.,,=25.9 identified over the fuel-vortex structure. The resolution
6P of this shock results from an undesirable interaction with

0.932 the cone-static pressure probe leading to slight inaccura-
aeocies over the range of impingement. This is why the shock
0.780
0.705 appears as a wide band rather than a discreet step. At

W £/de/f = 25.9 the vortex structures have convected up-
2 wards carrying the plume with them. At x/d0 1 ] = 62.8

1 the losses are less concentrated indicating a dissipation of
0 - the streamwise vorticity. At x/d0 1 ! = 83.6 the profile is

y./d.,, similar to the previous plot with smaller gradients and a
larger distribution of losses.

7 =Figure 12 shows the profile of total pressure at the
6 x/d6.8 fifth station sampled for the physical ramp injector oper-

S0,3ating with a jet-to-freestream momentum flux ratio of 2.0.
_S As was mentioned earlier, the added jet momentum tends

to lessen the vorticity generated by the ramp. This is ev-
3 0idenced by the contours where only a single core exists
2 0and the gradients are less severe. Of course, the added jet

02 momentum will also tend to alleviate the losses associated
with flow separation and add to the total pressure sensed

2 4 downstream.
7 X/dý,,=y/d.

0.780 0.780.

S2 =

0.0 0.750

0 7

2 04

025 02250

y/d,. y/d2,,

Fig. 11 Total pressure contours for physical ramp Fig. 12 Total pressure contours for physical ramp

injection with q 1.0. injection with q= 2.0.
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7 Figure 13 shows the profiles of total pressure at each

6 x/d,07.21 of the five stations sampled for the aero-ramp injector op-
P/P,. erating with a jet-to-freestream momentum flux ratio of
ojIos 1.0. The contour color-scales are consistent between plots.

4 0.780 At x/d0 1 1 = 7.2 the losses are confined to the boundary
3 0. layer very near the wall surface. The aero-ramp does not

S0.55 appear to separate the boundary layer - at least not to

0.402 the same extent as was observed with the physical ramp.
1 0250 This will most certainly contribute less drag and minimize

04 the occurrence of "hot spots" in the scramjet combustor..2Y/ The center jet imparts added total pressure to the bound-
7 ary layer as indicated by the small local maximum just

ix/d,,=I 1.4 above the wall at y/d~f = 0. The three composite shock
PIP,. patterns forming over each of the three rows of jets can

3 0.032 be identified. As explained earlier, the resolution of these
o81°' shocks results from an undesirable interaction between the

0. .5 jet shock and the cone-static pressure probe shock. Thus,
3 O.2

o53 it is an effect of the jet shocks which appears in the plots
o.402° and not the measurement of a true pressure difference.

1 0.32o ..The actual shock locations are at the lower edge of these
05 bands where the jet shock first impinges on the cone-static

y/d., pressure probe. At x/day! = 11.4, where the three jets
have now merged to form one single core of helium, the

/2 total pressure losses are more severe and cover a larger
PIP, area. The three composite jet interaction shocks can still
Pbe identified as they have moved upward with axial dis-

5 0.832

0256 tance. At x/drff = 22.0 some of the total pressure has"• ~0.780
0.705 been recovered within the helium core as the losses have

3 06o9 been distributed over a larger region. At z/duff = 56.0

2 A,77 the jet plume finally emerges from the boundary layer as
0.326 a secondary boundary layer is developing near the wall
0250 surface. At .c/dr1  = 75.0 the gradients have become less

-2 0 2 4 6 severe and the pressure losses are distributed over a greater
ldarea. Note that no strong vortex patterns persist down-

7 stream of the first station, Hence, the mixing downstream
d of the first station is not dominated by large scale vorticity

5pip.- as is the physical ramp.
0 0516 Figure 14 shows the profile of total pressure at the

S0.780 fifth station sampled for the aero-ramp injector operating"• . 0.705
3 1628 with a jet-to-freestreant momentum flux ratio of 2.0. Note. 0,553

,2 0.77 that while the pressure losses are distributed over a greater
0402 area the magnitude of the losses have been lessened by the10 326

0,250 added jet momenteu m.
0 *2 - 2 4 6

25

y/d2,,

7 7

SP/d ,..=75

55 .• 0322=SSG 

00 

85

•"4 0,780 "4 .IO

0. : 705 00
3 ,'1629062

0.553 
1ogo

2 i 0477

o0402 2 00

S0a2 0.22
1 250 1 020

0 0 20 40-'

yldý, 0 y/d_ 2,

Fig. 13 Total pressure contours for aero-rainp Fig. 14 Total pressure contours for aero-rainp

injection with q/= 1 0. injection with q = 2.0
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10 FULLER ET AL.

Penetration Trajectory form will be used to obtain a decay rate, n.

Overall plume penetration is defined here as the ver-
tical height from the wall surface to the edge of the mix-
ing region where the fuel mass fraction is 0.5%. The creaz = 3(x/de.f,- (3)
penetration trajectory is then defined as the variation
with downstream distance of the plume penetration in
the vertical centerline plane. The penetration trajecto- A larger value of n indicates a faster overall rate of decay.

ries of both injectors are quite compilicated in the near Using the data obtained in the experiments, correlations

field and appear to jump almost discontinuously between were constructed using a least squares approach.

12 < x/deff < 22. To predict penetration accurately 100

in far-field region, where the trajectories are more well
behaved, curve fits were constructed correlating penetra- " c"-=21.8(x/td-i''

tion height with downstream distance for • = 1.0. Past "• "

studies7'8 ' 30 have shown the penetration height to vary
exponentially with axial distance in the far-field region.
Power-law curve fits were constructed using only the data joi' f tii. PR, .q=1.0"• .R-W= O-Z0
obtained from the last three axial locations. These pre- A *oRq.1..
dictions are shown in Fig. 15 along with the measured A A^roRuW .,2.0 U%

penetration heights at each axial location. Also shown are --------- ""_________________

the penetration heights for each injector at the furthest H.-rStoichi,,".,

downstream location with • = 2.0. a, =2.6(x/d,,)"'=210.0 . . . . . ,. . '•

100 10, 10' 101
0 x/d,

8

7 .Fig. 16 Decay of maximum concentration.

6h/d---0"95(xd --' 3
6 =.-5 " ..... The decay rate for the physical ramp injector was 1.40

S\- •and for the aero-ramp injector it was 0.82. The physical
h/d,=0." _X..."•... ramp injector exhibits a very high rate of decay when com-

pared to the average rate of 0.8 determined through an ex-

3 - P-.----- e-- Ramp: =1.0 tensive review study conducted by Schetz et al.9 However,
2 [] Phoyui,- Rup: •=2.0A i A. wnp• 4R-2=1.0 note that in the near-field region the initial decay produced

1 r ,nwm c v:q--2.o by the aero-ramp upstream of the first measurement sta-
....... Corratn-oor61.0 tion is far superior to that of the physical ramp injector.

0 20 40 60 8o As a result, the far-field values of maximum concentration
X/d., are comparable despite the large decay rate produced by

the physical ramp downstream of the first measurement

Fig. 15 Iniectant penetration trajectory, station. Setting am,, = 0.0292, the stoichiometric mass

Note that when •' is increased to 2.0 the normalized fraction of hydrogen in air, and solving for Zide!f gives
penetration for the aero-ramp increases while for the phys- the distance at which all of the mixture is at or below
ical ramp it decreases. Recall that, the penetration is the stoichiometric mass fraction of hydrogen in air. At
nondimensionalized by the effective diameter which is a this distance, denoted as xfm, the injectant is considered
function of the injector discharge coefficient. The increase "fully mixed." For the physical ramp, the fully mixed
in q resulted in an increase in the injector discharge co- distance is 113 df!f and for the aero-ramp, it is 240 df11 .
efficient and therefore the effective diameter as well. The While these fully-mixed distances are quite different, the
absolute penetration does indeed increase in both cases, near-field fuel concentrations will certainly have a strong
however they are scaled by larger effective diameters. In impact on flame ignition and combustion.
any event, these results suggest that with further increases When plotting am,, for different values of ý it is ap-
in 7 the penetration height for the aero-ramp may surpass propriate to account for the added fuel mass by rescal-
that of the physical ramp. ing the axial distance with the square-root of the jet-to-

freestream mass flux ratio. This is essentially the same as
correcting for the discharge coefficient by considering the
effective jet diameter when nondimensionalizing the ax-

The decay of maximum concentration with down- ial distance. Figure 17 shows the maximum helium mass
stream distance for the injectors is presented in Fig. 16. fraction plotted against this variable. As a result of the
In general, the decay of maximum concentration proceeds correlation, when ; was increased to 2.0, the maximum
exponentially with downstream distance so that it may be fuel mass fraction is nearly equal to that predicted for the
correlated using an appropriate power law. The following case of 7 = 1.0.
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FULLER ET AL. 11

whereas the plume produce by the aero-ramp grows signif-
10 .icantly. These results suggest that further increases in q

A 0  may lead to a larger plume area with the aero-ramp when
compared to the physical ramp.

13 Mixing Efficiency
S10.' Phy,. Rwn= ..0 The mixing efficiency used here is based on the tradi-

0 Phys. Rarnq i=2.0

A AeruRwx.41.0 tional definition as expressed by Mao et al.3 2 The mixing
A Aoro-Ru,,,,, W.0 0 efficiency is defined as that fraction of the least available

reactant which would react if the fuel-air mixture were
H,-AirStoichiamory brought to chemical equilibrium without additional local

or global mixing. Thus in fuel rich regions, all of the local

o . . .. o 1. . air is considered mixed, while in fuel lean regions all of

(x/d-))'° 0 5  the local fuel is considered mixed. A two-part definition

for mixing efficiency is required depending on whether the
Fig. 17 Correlated decay of maximum concentration. flow is globally fuel rich or fuel lean. In this study of single

injectors in a relatively large duct, the flow is globally fuel

Plume Area lean and the mixing efficiency is defined as follows.

The overall plume area is defined by that area en- mnf mi- f arpudA

closed by the outermost contour representing a fuel mass 7im = - f (4)

fraction of 0.5%. Figure 18 shows the overall plume area mI,00j - f apudA

versus axial distance for each case tested. The plume areas where

are nondimensionalized by that area to which a segregated <a a <sa

jet (a perfectly unmixed jet) would expand if allowed to aQ=-(---T)- a>,- (5)

reach a uniform static pressure equal to the freestream.

This area is denoted by Au. Thus A/Au is a measure of and

the degree to which the plume has expanded. Au will vary a fuel mass fraction

with the jet operating conditions. An increase in 7 will re- a, H 2-air stoichiometric mass fraction

suit in a linear increase Au. Therefore a constant value A plume area

of A/Au with increasing ý means the plume is growing in mhf,mi, mixed fuel mass flow rate

proportion to h. mftot total fuel mass flow rate

2.0 .. So that q,m = 0 corresponds to a perfectly segregated
0- Physc Ra-np: 41=1.0

PhyaoWRwp:-,2.0 jet and 77m = 1 corresponds to a perfectly mixed jet.
1 A. A,•"•nfr'C Ramp: .=2.0 Figure 19 shows the integrated mixing efficiencies ver-

-------- orrel-oor-.1." sus axial distance for both injectors tested. Fitting a

1.2 power law to the three downstream points yields predic-
A ,A-.......d .•:- tions for the far-field mixing efficiencies of each injector.

0,40 2 O6 A00.
O'0 20• 0 l . . 0 = t ' '

x/d.1 E .. i.-'" _-O.13(x/d.,)°'

0.4

Fig. 18 Overall plume area. R P R,. 1.o

/A U:• Psc" Ronp: W=2.0
In the near-field, the plume area produced by the 0.2 An A.aancar41.0

aero-ramp is larger than that produced by the physical E0 A AowmRiT1p:W•-0
-- - - CarreicU fo 41.

ramp. In the far-field region the plume produced by the ......__________ on__o____1,0
0.0

physical ramp quickly grows and surpasses the aero-ramp 0 20 40 60 80

plume in terms of size. However note that when the jet- x/d.,

to-freestream momentum flux ratio is increased to 2.0, the

nondimensional plume area decreases significantly for the Fig. 19 Integrated mixing efficiency.

physical ramp while it remains approximately the same In the near-field, the mixing efficiency produced by

size for the aero-ramp. That is, the plume produced by the aero-ramp is superior to that produced by the phys-

the physical ramp does not grow much with increasing q ical ramp. In the far-field, however the mixing efficiency
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12 FULLER ET AL.

produced by the physical ramp prevails. This is consistent Figure 20 shows the computed spatial mixedness (1 -
with the results of the maximum fuel concentration and U,) versus axial distance along with the predictions for
fuel plume area measurements. As the maximum concen- both injectors tested.
tration goes down and the plume area goes up the mixing
efficiency must necessarily go up. Furthermore, if the max- 1.0o (1-U•)=O.90(X/d.,)"'• ---- ...... 1[

imum fuel concentration is lower and the fuel plume area .....-------.-
is larger in one case when compared to another, the mixing -- . ..... -- .--.--.. I
efficiency will necessarily be higher. When ý was increased 0.95 .--

to 2.0, the mixing efficiencies were reduced in both cases.
However the reduction was more severe for the physical
ramp. Both injectors rely heavily on streamwise vorticity 7

for mixing enhancement. As stated earlier, the physical All
ramp vorticity is reduced with increasing jet momentum N PhyilRamp; .Q.o
while for the aero-ramp it appears to increase. As a result, 0.85 - A ,,rrcRa,, .. 0oA Aeradynar RwW. 4.2.0
further increases in jet momentum will most likely cause -------- Corre.lgor4.0

the physical ramp to suffer more than the aero-ramp in
0 20 40 60 80

terms of mixing efficiency. X/d o
Finally note that when c'max < a, the mixing effi-

ciency, qm, equals unity. Thus, the fully-mixed distance, Fig. 20 Spatial mixedness.
xfm, also corresponds to that distance when then mixing The fully mixed distances (U, = 0) based on the pre-
efficiency first reaches unity. The predictions were used to
compute the fully-mixed distances. For the physical ramp, di a = 2 1 ef f for the physic ram and
xfm = 100dej! and for the aero-ramp, xf, = 187d•1 j. are = 218 de r for the aero-ramp. Again the distances
These distances are comparable, in terms of relative mag- are comparable to those previously computed using the
nitude, to those computed based on the maximum fuel maximum concentration and mixing efficiency predictions.
concentration predictions. The fully-mixed distance for When V was increased to 2.0 the spatial mixedness de-

the aero-ramp is approximately twice the fully-mixed dis- -eased with the physical ramp while it slightly increased

tance for the physical ramp. Again bear in mind that . . or the aero-ramp. Yet again indicating better mixing per-

near-field behavior will most certainly dominate fia- formance with increasing 7 for the aero-ramp.

nition characteristics and the reacting flow will moý: . Total Pressure Losses
alter the "fully-mixed" distance.

The total pressure losses due to fuel injection can se-

Spatial Mixedness riously affect the thermodynamic efficiency of a scramjet

An unmixedness parameter that quantifies mixing engine. Therefore, the evaluation of a given injector must
include some quantification of losses. The total pressurerates based on the variance of the concentration distri- o h noigari eucdb icu ocsi h

butin ws deine by iscnskyet l.13asof the incoming air is reduced by viscous forces in the
boundary layer, shock waves, flow separation, and fuel-air

_ ,__r mixing. Unfortunately these losses are often very diffi-
U, - &eq(1- aeq) (6) cult to assess in the cold-flow situation. Previous stud-

ies conducted by Fuller et al.' and Mays et al.3 3 have
where, defined quantitative measures for such assessments. In

1 . each case, losses were quantified by examining the mass-
= n -- (Lji - aeq)2  (7) weighted field values of the total pressure normalized by

i=1 the freestream conditions. However. the area over which
m- (8) the integration takes place is often facility dependent or

ieq -- j + rn"( based on a complex analysis of data not readily available.

In order to simplify these measures, an adaptation of those
[ 1 , 1-i previously defined forms was developed. A total pressure

-= i neq -i (9) loss parameter was defined as follows:

A value of zero for U, corresponds to a perfectly mixed f pu(p•,, - p,)dA
system and a value of unity corresponds to a perfectly seg- pco ucpt,ooA, + pj ujp,,j Aj
regated system. The value of this parameter is that it re-
quires fuel concentration measurements only and does not where

rely on aerothermodynamic measurements. It was origi- A, = -. Aj (11)
nally developed for planar-laser fuel plume imaging. Here a,

we have chosen to plot 1 - U, so as to be consistent with That is, A, is the area required for a uniformly stoichio-

the information provided by the plume area and mixing metric jet given the jet-to-freestrem mass flux ratio and
efficiency (i.e. a larger value indicates better mixing). jet exit area. A parameter value of H = 0 indicates no
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l&:ses. However the total pressure parameter is essentially aero-ramp produced superior mixing in the near field and
unbounded and a value of unity does not indicate total slightly less than comparable mixing in the far field. With
loss. The computed total pressure parameter versus ax- a momentum flux ratio of 2.0, the aero-ramp mixing was
ial distance for each injector is plotted in Fig. 21. Again, comparable to that of the physical ramp in the far field.
power-law curve fits have been constructed using the last The enhanced mixing of the aero-ramp can be attributed
three data points, to the multiplicative fuel-vortex interactions in the near

field as well as the multiple jet design. That is, severeal
0.5 .. small jet should mix better than one single jet. The en-

[]physical Ramp; 4=1.0Phys~ai.Ramp: -=2.0 hanced mixing of the physical ramp can be attributed to

0.4 A AerodynamRamp;,4=1.0 the counter-rotating vortex pair. The increased jet mo-A A ero dy na mic Ra m p ; A -=2..0- " "

-correation for 4.1.0 mentum reduced the strength of the vortices produced by
0.3.......dc,)••,o,•

0 ~ .- - -the physical ramp while it increased the strength of the0.3 l-Il=0"022(X/d,•)° """.. interactions produced by the nero-ramp. Thus, the mix-

ing performance decreased with increasing jet momentum
0. . A for the physical ramp while it increased for the aero-ramp.

0.,..U -'° I--0"025( / A interactonsenprodued byun the aenero-sp Thus the mixcune-
For the physical ramp, the total pressure losses

0f1lO-.025(X/d~,) 0 M were concentrated around the centers of the two counter-

rotating vortices. For the aero-ramp, the total pressure
0 20 1 .. . losses were concentrated around the core of the jet plume.20 40 60 80

X/d,, The pressure losses induced by the physical ramp were
more severe. With a jet-to-freestream momentum flux ra-

Fig. 21 Total pressure loss parameter. tio of 1.0, the physical ramp exhibited a larger loss param-
eter over the entire axial range of measurements. When

The pressure loss incurred with the physical ramp in- ee vrteetr xa ag fmaueet.We
The psmoressuere loss incurred hiith dby the psalramp in- the momentum flux ratio was increased to 2.0, both injec-

ijector is more severe than that exhibited by the aero-ramp tors exhibited a reduction in losses with the physical ramp
injector for both cases of• equal to 1.0 and 2.0. Note that losstilbngmrser.

when ý is increased from 1.0 to 2.0 there is a reduction in Thes keylpoint tobe madehe r

total pressure loss parameter as was indicated in the total whether the current ramp can be made to outperform the
hpressure contours. These reductions result from the added

momentum in the freesream direction. Furthermore, the physical ramp at certain operating conditions, comparable
reduction in the case of the physical ramp is greater. This performance alone merits further studies. Future studies

should include parametric optimization through combined
should be expected since a much greater part of the jet efforts of CFD and experiments. Furthermore, the funda-
momentum is directed into the freestream. mental effects of impinging jets in a supersonic crossflow

Summary and Conclusions and their uses in creating fuel-vortex mixing mechanisms

An experimental investigation was conducted to com- need to be studied.
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Abstract

Planar Rayleigh/Mie scattering and acetone PLIF have been shown to enhance mixing in subsonic
flow visualizations along with CFD results are parallel injection. However, injection and combustion
presented for helium injected at sonic velocity into a in scramjets occurs at supersonic speeds (e.g., corn-
nominal Mach 2 freestream air flow. The helium is bustor Mach numbers of approximately 2 for flight
injected parallel to the freestream from an extended Mach numbers of 7 or 8), and mixing characteristics
strut with three different nozzle-to-freestream air static are conceivably different under supersonic conditions
pressure ratios. Jet spread is insignificant for all three compared to subsonic conditions. Although the effects
pressure cases. However, large scale, spatially periodic of fluid compressibility enQountered in supersonic
and organized structures are observed primarily in the flow can inhibit mixing, 1 -17 shock waves can be
under-expanded cases. The jet interaction is markedly generated to enhance mixing."' Continued studies
three dimensional as exhibited by the irregular helium through experiments and computational fluid
jet contour and the appearance of a conical shock in dynamics (CFD) will cultivate a better understanding
the highly under-expanded case. The Mach disk, jet of mixing phenomenon in supersonic flows. The CFD
spread, barrel shock and recirculation zone shown in results provide useful information for the design of
the CFD results compare reasonably well to the planar experiments and the experimental results provide a
Rayleigh/Mie scattering and the acetone PLIF images. detailed data base for future CFD work and to gage

the accuracy of the CFD results.
The objective of this research is to investigate

Introduction supersonic parallel injection and mixing through
observation and measurements of flow parameters

Gaseous fuel injection into a supersonic airstream using acetone Planar Laser Induced Fluorescence
will be used in air-breathing hypersonic planes with (PLIF), planar Rayleigh/Mie scattering, and com-
supersonic combustion engines such as the National parison to CFD results. The first consideration in this
Aerospace Plane (NASP) and its derivatives. Several research is the injection model. The injection nozzle
methods of injecting fuel into supersonic combustion needs to be mounted inside the supersonic tunnel
ramjet (scramjet) engines have been proposed; among with minimal upstream disturbances to eliminate
them is injection from a strut located in the upstream extraneous factors from the experiments. A strut
portion of the combustor.1a This concept of strut provides rigid support for the nozzles and the added
injection leads to the experimental configuration -benefit of a recirculation zone for flame holding in
outlined below. The engineering challenge for combustion applications. This strut is similar to a
injection of fuel, either normal or parallel, into a typical splitter plate used in shear layer studies except
supersonic freestream air flow is to produce optimal that the flow velocity is the same on both sides of the
mixing with minimal losses within the space and time strut and the base of the strut is blunt rather than
constraints of the combustor. Normal injection tapered to a knife edge. By extending the strut
produces better mixing but causes major thrust losses upstream through the nozzle into the settling chamber
primarily due to strong bow shocks.' Therefore, it and using the method of characteristics to design the
would be advantageous to increase the extent of nozzles, shock waves are eliminated in the free stream
mixing in parallel injection to that of normal injection before reaching the end of the strut. Although the
without incurring the associated thrust losses, strut and injection nozzle are of a simple geometry, the

Passive means such as modified nozzle geometrYf two-dimensional expansion of the freestream over the
selective initial conditions,12 and acoustic excitation'3 base, combined with the axisymmetry of the jet result
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Figure 1 Schematic of supersonic combustion tunnel

in a complex three-dimensional flow field. The flow degree bend to enter a circular converging nozzle.
characteristics of this design are intermediate between The nozzle is inserted into the center of the trailing
two-dimensional slot injection from a base and parallel end of the strut. The nozzle is directly preceded by a
injection from an axisymmetric configuration. straight section that is over 40 injector diameters in

length. Helium is used as the injectant to simulate
hydrogen which will be used in future hydrogen/air

Experimental Facility combustion tests. Helium exits at sonic velocity from a
0.138 in. (35 mm) diameter converging circular nozzle

This research was conducted in the newly built (Figure 2).
supersonic combustion research facility at the
Aero Propulsion and Power Directorate, Wright
Patterson Air Force Base.n The wind tunnel Supersonic Wind Tunnel:
is capable of continuous flow operation at (HWL) 5.16 x 6.00 x 36.0 i.
maximum stagnation conditions of 400 psia
(2.75 MPa) and 1660 R (889 K) at a peak flow . . . . .
rate of 34 Ibm/s (155 kg/s) with the test section 0 M = 2.0
design static condition being 735 psia (51 KPa) - .... 5.16 in.
and 525 R (292 K). The test section temperature Extended Strut No-
and pressure conditions are adjusted by mixing __ - M = 2.0
air from hot and cold supply lines in controlled
quantities. The nominal 5 by 6 in. (12.70 x 15.24 Supersonic Nozzle 0.5 in. Height
an) test section has optical access from three

sides and from the downstream end. A tunnel
schematic is shown in Figure 1.

The 05 in. (1.27 cm) thick strut extends from Fuel Injection: 0.138 in. Diameter
the settling chamber, through the nozzle section Y, TRANSVERSE
and into the test section, thus avoiding leading
edge shock waves. The Mach 2 nozzle (Figure X, STREAMWISE
2) was designed by the method of character- X, ... :.:-.--.-

istics to eliminate shock waves and provide a Extended Strut
uniform, nominal Mach 2.0 freestream flow 0n Strut
before reaching the end of the extended strut
where injection occurs. The plumbing for the
injector runs through the sidewall of the tunnel Figure 2 Schematic of extended strut and reference
into the strut and is directed through a 90 coordinate system

2



Flow Diagnostics Sphc=ial L=s Taming PrismNmti~atL== Test Seaion

Planar Rayleigh/Mie Scattering hirror Excipr laser

A Larmbda Physik EMG 150 Excimer laser
produced the 248 nm wavelength ultra-violet
radiation used for Rayleigh/Mie scattering.
The laser beam was transformed into a sheet,
approximately 0.5 mm thick, and projected Mirror Taming Prism
through the test section by a series of lenses Figure 3 Mie scattering optical arrangement
and prisms as shown in Figure 3. A Princeton
Instrument Intensified Charge Coupled Device
(ICCD) camera with forced cooling captured images a
of the flow on command and stored them in a central Recopression Shock

processing unit (CPU) for subsequent analysis.- The Y CnicxiSsc

signal was collected through a Nikon UV-Nikkor 105
mm f/4.5 telephoto lens and was imaged onto the
578 by 384 pixel array of the ICCD camera. The.-
effective gate width of approximately 10 ns, which is soaxis
the laser temporal pulse width, is sufficiently short o..riean JetSHelium Jet Core and .00

in duration to consider the images instantaneous. To Reccirculation Zone "f
keep the plane of interrogation in focus, the ICCD ' o.
camera was mounted on the samea three axis tranis- 0 Remnants of Boundary Layer

versing table as the optics so that the laser sheet and e~~ase of

camera moved in unison. Extended Strut

Naturally occurring moisture in the wind tunnel Freestrea.

condenses to form an ice "fog" that effectively _

scatters the UV radiation. The resulting scattering b
highlights shock waves in the freestream and the

mixing of the freestream air with the injected helium Esen of Fluid fror m---
jet. Figure 4 a,b,c are schematic representations of

the flow field as seen using the planar Rayleigh/Mie ai

scattering technique. They are provided to outline
the features of the flow field for reference when
viewing the actual Rayleigh/Mie images. This
visualization method with naturally occurring
moisture has previously been used in supersonic Jet

boundary layers2 and mixing layers.' Likewise,
condensed droplets of ethanol added to the
freestream flow have previously been used in I/ >

visualizing supersonic mixing layers?5 and a Recirculation Ze_ Freestre(9

transverse sonic jet. "However, these particles are q ) _L _
not conserved scalars throughout the flow since the
fluid temperature changes as it passes through shock C , Freestream

waves, expansion waves, and viscosity dominated t-axf
regions (ie., boundary layer), possibly creating or Roinant oy Conical Shock

destroying particles by condensation and evapora-
tion respectively. A change in scattered light due ,

to temperature change (particles being created/ • --,-/K
destroyed) cannot be disceemed from an increase/ (-1
decrease in scattered light due to existing particles Fluid from

amassing in a particular region. Zone JA\f ,
The information contained in these images is

analogous whether the scattering is Rayleigh or Mie.
As long as the particles follow the flow, their size Remnants OF

is not of critical importance. Because the particles Boundar Lae

are formed through a homogeneous nucleation
processf they are probably small. Evaluation of
particle size by Elliot2' in nominal Mach 2 and 3 Figure 4 Schematic of planar Rayleigh/Mie images
freestream showed the particles to scatter light in the a) streamwise b) planar and c) face-on views

3



Rayleigh regime for a wavelength of 532 nm. The other molecular tracers because of its high signal toparticles of the present study seem to follow the flow noise ratio, non-toxic nature, and an excitationas represented by ligaments of freestream fluid, which frequency that is easily accessible by different lasers.•contains particles, entrained in the helium Jet Acetone (CH3-CO-CH3) has a molecular weight of(discussed in the Results portion of this paper). Future 58.08, a specific gravity of 0.79, and a vapor pressure ofwork will include measurements of the particle size. 3.48 psia (24 KPa) at 527 R (293 K). It absorbs light and
is excited from a ground singlet state to a first excitedAcetone PLIF singlet state in the 225-320 rum wavelength band. Most

A frequency doubled Spectra-Physics Quanta-Ray of the excited acetone molecules in the singlet state areDCR-4 Nd:YAG laser (532 ram wavelength beam) in transferred to the triplet state and almost all of theconjunction with a Quanta-Ray wavelength extender remaining excited singlet molecules fluoresce in the(WEX-1) produced the ultra-violet radiation (266 nrm) 350-600 ram wavelength band with a lifetime of a fewfor acetone PLIF. The acetone added to the helium jet nanoseconds. The triplet state molecules undergowas regulated and metered along with the helium gas phosphorescence which is shifted toward the red withflow rate. The same optical system as shown in Figure respect to the singlet-state fluorescence, with a natural3 was used except that the Excimer laser was replaced lifetime of approximately 200 ps.Y° However, theby the YAG/WEX system. Likewise, the same imaging triplet state is effectively quenched by 02. The limitedsystem was used as in the Rayleigh/Mie set-up except gate width of the camera captures only thethat a Nikon Nikkor 60 nun f/2.8 Micro lens replaced fluorescence signal. The aforementioned acetonethe UV telephoto lens. Because of the visible fluores- characteristics are included in a more detailed
cence, an ordinary camera lens can be used; an added description by Lozano et al.a
advantage of an ordinary lens is that it effectively
blocks the strong particle scattering at 266 run.

The acetone PLIF images show the internal shock CFD Code and Conditions
structure of the injected helium jet (see the schematic
in Figure 5). Acetone has proven to be superior to All numerical results presented here were obtained

through the use of the General Aerodynamic
Simulation Program (GASP). All numerical results
are three-dimensional and include the combustion-is rstse tunnel nozzle solution starting from the subsonicRecircumlation portion of the nozzle, the throat area, subsequentZoe i^rc0l 0.0\ expansion in the supersonic portion in the nozzle

Up • " and the mixing regions starting at the base of the
extended strut. All results were obtained using

X-axis Nli., Jet the flux-differencing scheme of Roe. In addition,Sutherland's law is used to determine individual
Deach laminar species viscosity while Wilke's rule is used

to determine the mixture viscosity. The Baldwin-
Barrl Sock '4 ~- Lomax eddy viscosity model accounts for turbulence.4 "Perfect gases are assumed and binary diffusion cah

"p'occur under the presence of mass fraction gradients.
The binary diffusion coefficient is calculated using a
constant Schmidt number of 05?3' Air and heliuminput conditions for the code were chosen to matchFigure 5 Schematic of PLIF image, streamwise view

Table 1 Operating conditions for helium injection into Mach 2 air freestream

Po To Mach P= to Poo u0

Pa K Pa K kg/mr m/s
Freestream 295,442 300 2.0 37,758 167 0.7894 518
He Case Ix 92,755 339 1.0 45,181 254 0.8556 939
He Case 2x 164,898 339 1.0 80,322 254 0.1521 939
He Case 4x 398,503 339 1.0 194,111 254 0.3676 939

4 .•



the experimental operating conditions listed in Table 1. representative of the relevant time-averaged
The calculations were carried out in a multi-zone experimental images of the flowfield, thus making

fashion with two zones in the nozzle region, one direct comparison between CFD and experimental
upstream of the base edge of the strut and two down- results meaningful.
stream of the injection point. For the two mixing
zones, complete Reynolds averaged Navier-Stokes
equations are solved. Locally, 3rd order computations Results and Discussion
of inviscid flux contributions in the streamwise and
transverse directions are used in conjunction with 1st The helium is injected at nozzle-to-freestream air
order accurate contributions of inviscid terms in the static pressure ratios of 1, 2, and 4 (denoted as cases lx,
spanwise direction. Viscous contributions are second 2x and 4x); these operating conditions are summarized
order accurate. Wall boundaries are treated as in Table 1. Figure 4 shows schematic drawings of the
adiabatic, and first order computation of gradients at three orthoganol planes of view for the Rayleigh/ Mie
the wall are used. scattering technique: streamwise, planar, and face-on.

Due to symmetry, only one quarter of the injector Both the streamwise and the planar images represent
configuration was modeled. The near field around the a 1.7 by 1.1 in. field of view, with the flow direction
injector is an unsteady and complex flow field. The being left to right. With the 578 by 384 pixel array of
goal of the CFD investigation was to capture the bulk the camera, this corresponds to an apparent resolution
characteristics of the mean flow to compliment the of 0.0030 in. (76.2 m) per pixel. However, the overall
instantaneous experimental images. Note that the resolution is limited by the laser sheet thickness of
individual instantaneous experimental images are about 0.5 mm. The face-on view has a 1.2 by OS in.
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Figure 6 Streamwise views on centerline of a) no-injection and b) lx pressure matched cases
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Figure 6 Streamnwise views on centertine of c) 2x and d) 4x pressure mnatched cases

field of view with the flow direction being out of the The field of view presented is limited to 25 jet
plane of the page. Figure 5 shows the schematic diameters downstream of injection. Jet behavior may
drawing for the strearnwise view for acetone PLIF, differ further downstream. The temperature and
which has a 0.80 by 0.53 in. field of view. pressure of the 'boundary layer remnants' change with

Figure 6 shows Mie scattering images for all four passage through the expansion fan and shock wave(s).
cases studied: no injection, 1x, 2x, and 4x. This figure This may decrease/increase the scattering signal
includes upstream and downstream views (taken intensity as previously discussed. The images show
during different laser pulses), separated by a white the boundary layer to be approximately 0.17 in. (4.3
line, for each pressure condition. The images are not ram) thick before reaching the base of the extended
corrected for laser intensity variation or background, strut, while CFD results predict a 0.13 in. (3.3 mm)
but the contrast is adjusted for print quality. The jet thick boundary layer.
does not penetrate transversely beyond the strut From the streamwise views similar to Figure 6,
'boundary layer remnants' (i.e., fluid downstream of aver-age jet core lengths and recompression shock
the strut base that was initially in the boundary layer), angles can be estimated. Conventional definitions of
except for some structures in the 2x and 4x cases. The the jet core are based on injectant gas concentration
"boundary layer remnants' are identified in the images measurements. Since the intensity change is not a
as the most intense region of the fi'eestrearn that known function of concentration in these images,
borders the helium jet (Figures 4 and 6). This is similar determination of the core length is an approximation.
to observations made in a comparable normal injection The recirculation zone for the no injection case was
case where these 'boundary layer remnants' appear to observed to extend approximately 0A40 in. beyond the
"ride' atop the injectant fluid.7 base of the strut in the direction of flow. The 0.40 in.

6 s
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length of the recirculation zone relative to the 050 in. spanwise axis due to a 27 degree angle between the
strut width is similar to observations in subsonic camera axis and the flow axis. After calculating
flow.33 The recirculation/jet-core zone extends about trigonometric corrections for this distortion, the jet
025 to 035 in. beyond this in all three injection cases. contour is still oblong with the major axis along the
The recompression shock angles remain about the spanwise axis. The eccentricity (, = 41- ý&i where a,b
same for all three injection pressures and the no are the semi-major and semi-minor axes, respectively)
injection case. The slight variation between 12 and 16 of the jet core region is greater than 0.86 for all
degrees, measured with respect to the streamwise axis, injection cases.
indicates that the near-field injection plume does not The large scale mixing with the freestream fluid
significantly alter the freestream recompression shock occurs primarily in the transverse direction as illus-
angle. The large density and pressure gradients trated by the lobed' structures along the periphery of
associated with the recompression shock are difficult the jet contour in the transverse direction. These lobes
to locate precisely in the CFD results because of the are most visible in the 4x case (Figure 7b), but can be
limited resolution of the three-dimensional CFD seen in the 2x and lx cases (Figure 7a) as well. For
generation grid. However, the CFD results do show the under-expanded cases where the structures are
an increase in density and pressure across a region distinctly visible, the structures appear in the same
surrounding the presumed location of the position on the 5 images recorded at each location.
recompression shock. Therefore, a time averaged image, corresponding to

Figure 7 shows corresponding face-on Rayleigh/ the CFD results, would show structures similar to
Mie images and CFD results for the lx and 4x cases at those on the instantaneous images. The corresponding
a streamwise location of 0.5 in. (127 cn). Note that CFD plots of helium mole fraction (Figures 7cd) show
the face-on spanwise images are elongated along the protuberances similar in appearance to the lobed
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Figure 7 Face-on views at 0.5 in. downstream of extended strut base for a) lx and b) 4x case using
Rayleigh/Mie scattering and c) lx d) 4x pressure matched case using results of CFD
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Figure 8 Planar views for a) 1lx and b) 4x cases at 0.05 in. off centerline and c) 4x case at 0.10 in. off centerline
in the transverse direction using Rayleigh/Mie scattering the corresponding helium concentration profiles
are shown in plots d, e, and f.
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Figure 9
Streamwise views on centerline for
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10

structures. Note that the QF scale is more than " 1

twice the size of the image scale for better
visibility of the protuberances.

Images taken in the other two orthoganol 9

planes of view show these large scaled struc-
tures as well. Figure 8ab shows planar cut
images at a transverse location 0.05 in. (1.27
mm) above the centerline for the lx and 4x "
cases. This view reveals consecutive sets of
helium lobes propagating downstream (dark
regions) and the entrained freestream fluid 3
layer between them (bright ligaments). The 7 s- LN HELIUM DENSITY_
lobes in the 4x case are not as distinct as the -e- LN SIGNAL INfENSITY
lx case at this transverse location. The
corresponding CFD plots (Figure 8de) of
helium concentration show similar results. - 6

The CFD plot for the lx case shows noticeable 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

spacial fluctuations of helium concentration STREAWCISE LOCATION (IN.)

across the jet, whereas the plot of the 4x case is Figure 10 Natural log (LN) of helium density compared to
more uniform. This concentration difference natural log of signal intensity
corresponds to the appearance of more distinct
bright freestream ligaments in the image of the The use of acetone for injectant concentration
lx case. However a planar cut at 0.10 in. (2.54 mm) measurements, as demonstrated in Figure 9a, is
above the centerline for the 4x pressure case (Figure promising. However, the lack of signal intensity
8e) shows the same type of separation between inside the barrel shock, where the helium and air have
structures as the lx case at 0.05 in. This indicates that not yet mixed, indicates the signal intensity is not
structures reach further in the transverse direction for solely a function of mixture fraction. Instead, the
the 4x case. Comparison of the corresponding CFD fluorescence intensity apparently follows te helium
images (Figure 8df) supports the above observation. number density. This behavior is expected when the

Figure 9 displays dose-up, streamwise views nme est.Ti eairi xetdwe husingr 9[ F ndi aysdoei-u Mi datea forehew spontaneous emission rate is much greater than the
using PLiF, CFD, and Rayleigh/Mie data for the quenching rate.8 Figure 10 shows a logarithmic plot
region immediately downstream of the injector for the comparing collected signal intensity to CFD calculated4x case. Upon leaving the injector, the under-expanded helium density for the near field region of Figure 10.

helium continues to accelerate until a barrel shock/ The curves agree in the extreme near field but begin
Mach disk mechanism acts to raise the pressure to to diverge further downstream. This difference
the required freestream value. This acceleration is to def er d ow s This diffe recaptured in the PLIF images as a significant decrease may be due to several factors which include, but are

not limited to, laser sheet variations, the effects of
in signal intensity (Figure 9a). The CFD results (Figure unidentified flow phenomena on the fluorescence
9b) predict the location of the Mach disk reasonably signal, and possible CFD inaccuracies. Until further
well by comparison to the PLIF images, and estimate studies have been completed and this relationship
the final expansion Mach number to be approximately is completely understood, direct mixture fraction
5 for the 4x case. Similar results for the lx and 2x cases me y
indicate final expansion Mach numbers of 35 and 4, measurements from the PLIF signal are not possible.

respectively. It is believed that the bending of the
freestream fluid as it flows off the end of the extended
strut and encounters the side region of the barrel shock Conclusions
causes a second shock to appear upstream of the
recompression shock (Figure 9c). This shock also The sonic helium jet that was injected coaxially into
appears as a shadow-like outline of a bright ellipse a Mach 2 airstream did not spread significantly for any

surrounding the helium jet in the face-on view (Figure of the three pressure cases considered. The jet fluid

7b). Comparing these two views reveals that the shock remains within the remnants of the splitter plate
,-ave is cone shaped. This conical shock, however, boundary layer with the exception of some large scale
does not appear in the lx or 2x cases. One possible structures reaching into the freestream (particularly

expianation is that the conical shock coalesces with the for the 4x case). However, the jet does spread predom-

recompression shock in the 2x case. Another more inantly along the spanwise direction creating an oblong

likely explanation is that the influence of the barrel jet contour with large scale structures evident along

shock for the 2x case does not extend beyond the the transverse axis of the jet. These structures appear

buffer region of the recirculation zone. The lx case is to be spatially periodic and more organized in the under-

pressure matched and has no barrel shock. expanded cases as compared to the pressure matched
case. The jet spread is markedly three-dimensional as
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seen by the irregular jet contours downstream of 8Quinn, WR., "On Mixing in an Elliptic Turbulent Free Jet,"
injection and by the conical shock in the highly Phys. Fluids A, Vol. 1, No. 10,1989, pp. 17 16-172 2 .
under-expanded case. 9Samimy, M., Zaman, K.B.M.Q., and Reeder, M.F., "Effect of

The numerical simulation captures the essential Tabs on the Flow and Noise Field of an Axisymmetric Jet,"
features of the flow field, namely the barrel shock, AIAA Journal, Vol. 31, No. 4,1993, pp. 609-619.
Mach disk, recirculation region, and expansion zone. l'Wlezien, R.W., and Kibens, V., "Influence of Nozzle Asym-
In addition, the Mach disk location and helium jet metry on Supersonic Jets," AIAA Journal, Jan. 1988, pp.
spread predicted by these numerical simulations agree 27-33.
reasonably well with the Rayleigh/Mie scattering and
acetone PLIF images from experiments. "Longmire, E.K., Eaton, JK., and Elkins, C.J., "Control of jet

Future studies will involve other appropriate Structure by Crown-Shaped Nozzles," ALAA J., Vol. 30,

measurement techniques and mixing enhancement No. 2,1992, pp. 505-512.

schemes. Laser Doppler Velocimetry (LDV) 12Hussain, A,K.M.F., and Zedan, M.F., "Effects of the Initial
measurements will allow more precise determination Condition of the Axisymmetric Free Shear Layer. Effects of
of the jet width and the boundary layer thickness in the Initial Momentum Thickness," Phys. Fluids, Vol. 21,
addition to providing statistical velocity information. no.7,1978, pp. 1100-1112.

Acetone PLIF, with refinement, will provide more 13Hussain, A.KM.F., and Zedan, M.G., "Effects of the Initial
detailed information about the extent of mixing. Condition on the Axisymmetric Free Shear Layer: Effect of
Passive mixing enhancement by the use of different the Initial Fluctuation Level," Phys. Fluids, Vol. 21, No. 9,
nozzle geometries and stationary impinging shock 1978, pp. 1475-1481.
waves will be explored. When concentration and 14Gutmark, E., Schadow, K.C., and Wilson, K.J., "Mixing
velocity information become available, the GASP code Enhancement in coaxial Supersonic Jets," AIAA Paper 89-
will be tested further. 1812,1989.

1
5Papamoschou, D., and Roshko, A., "The compressible tur-
bulent mixing layer- an experimental study," Ifluid Mech.,
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Abstract 1.0 Introduction

Fuel injection from the base of a two-dimensional Gaseous injection into siapersonic flows has many
extended strut bounded above and below by Mach 2 engineering applications. One application of primary
freestreams was investigated. Fuel, simulated with interest to the aerospace community is the injection of
helium, was injected parallel to the Mach 2 freestreams gaseous hydrogen or hydrocarbon fuels in supersonic
before expansion and various injector nozzle geometries combustion ramjet (SCRAMJET) engines. It has been
were investigated. Without injection, a nominally two- argued that airbreathing supersonic combustion engines
dimensional recirculation zone is set up behind the base offer the best performance for a single-stage-to-orbit
of the strut. When fuel is injected at the strut base, a flight vehicle. However, the challenges involved in
highly three-dimensional complex flowfield results. realizing such a vehicle are still beyond present
The behavior of the flowfield generated by a circular capabilities.
injection nozzle was characterized using LDV and Designing an injection scheme to produce optimal
Rayleigh/Mie scattering. Results were compared to fuel-air mixing and combustion within the space and
those obtained with two other nozzle geometries - an time constraints of a supersonic combustor remains a
elliptic nozzle and a circular nozzle with vortex- daunting challenge. Enhancement and control of fuel-air
generating tabs. For comparing the relative merits of mixing in supersonic flows suffers from very short time
the various geometries from the perspective of scales and inherently low mixing rates at higher Mach
enhancing mixing, a novel Total Mixing Evaluation numbers. Parallel, normal, and oblique injection have
methodology was developed. This approach evaluates all been investigated. Normal injection produces the
the mixing potential of the flowfield by employing the best mixing but a greater total pressure loss primarily
large-scale mixing parameters such as perimeter, area, due to the generation of a strong bow shock [King et
and shape factor. For quantifying the mixing al., 19891. Parallel injection of fuel can provide a
effectiveness, a small-scale mixing parameter referred to significant component of the engine thrust in high
as the mixedness was defined and computed. Although flight Mach numbers, but typically provides limited
detailed data were obtained, only preliminary results are mixing capability. To enhance mixing associated with

_�currently available..-The-preliminarv results indicate the-. parallel injection, many investigators have employed
circular-with-tabs nozzle provided the most desirable discrete ramp injectors designed to enhance mixing by
large- and small- scale mixing enhancement vortex shedding, flow separation, and shock
characteristics. impingement. An advantageous consequence of

injection from ramps and struts is the formation of a
recirculation zone capable of flameholding. Continuous

SSenior kngbt Student. AIAA Member progress has been made in characterizing and optimizing
+ Professor. ALAA senior Member ramp injectors [Bogdanoff, 1994, Waitz et al.. 19921.

AAA Member Injection at oblique angles to the flow has shown an"" AI.A Senior Member improved total pressure recovery relative to normal
This paper is declared a work of the U.S. Government and is
not subject to copyright protecuon in the Utuied States. injection and an improved mixing and fuel distribution

relative to parallel injection [Fuller et al., 1992,



McClinton, 1972]. However, as in normal injection, mounted in the base of the strut at the center-line of the
penetration is limited to the near wall region. tunnel. All three nozzles were machined (by electrical

Fuel penetration and fuel distribution are of major discharge machining) to converge to a minimum cross-
concern in the design of injectors for supersonic sectional area at the nozzle exit. The exit area of all
combustors. To date, some of the practical injector three nozzles was 9.6 mm 2 . The diameter of the
designs employ in-flow struts for even fuel placement circular and circular-with-tabs nozzles was 3.5 mm.
and distribution within the combustor flowfield. In The width of the tabs was 0.86 mm and the tabs
subsonic flows many investigators have studied parallel extended into the flow with a projected length of 0.38
injection of fuel behind bluff-bodied flameholders. Both mm. The tabs were at an angle of 135 degrees with
passive (injector geometry effects) and active (acoustic respect to the jet axis, the configuration which has been
excitation) forcing have been used to enhance mixing. shown to have the greatest mixing effect [Zaman et al.,
However, very limited data is available for this type of 1995]. The ellipse had a semi-major diameter of 6.15
injection into supersonic flows. The objectives of this mmn and a semi-minor diameter 2.05 mm, resulting in
investigation were to determine the fundamental an equivalent diameter of 3.5 mm and an aspect ratio of
characteristics of parallel fuel injection into a supersonic 3:1. The elliptic and circular-with-tabs nozzles were
freestream from the base of an extended strut and to rotated to examine the effects of different angular
explore passive mixing enhancement through the use of orientations. Injection from the nozzles with the
different injector nozzle geometries, orientations shown in Fig. 4 will hereafter be referred

to by the symbols C, Ti, T2, T3, El, E2, E3. The no
2.0 Facility injection case will be denoted as N.

Helium, used as the injectant to simulate hydrogen
This research was conducted in the supersonic fuel, exited the converging nozzles at sonic velocity.

combustion research facility at the Aero Propulsion and The helium mass flow rate was varied so that the ratio
Power Directorate, Wright-Patterson Air Force Base of the static pressure of the helium jet at the nozzle exit
[Gruber & Nejad, 1994]. The tunnel is capable of to the static pressure of the freestream air was
continuous operation at maximum stagnation approximately Wi = Pnozzle / Pfreestream = 4. The
conditions of 2.75 MPa and 890 K at a peak flow rate operating conditions are listed in Table 1. The iV = 4
of 15.5 kg/s. The test section temperature and pressure ratio was chosen to obtain a highly underexpanded jet.
conditions are adjusted by mixing air from hot and cold This most accurately mimics operational fuel injection
supply lines in controlled quantities. The test section, in scramjets, where the injected fuel is typically at
which is depicted schematically in Fig. 1, is 15.2 cm- supercritical conditions. As hydrogen fuel will
wide by 13.1 cm-high, and has optical access from probably be used to cool the external vehicle surface in
three sides and from the downstream end. scramjet applications, the fuel will achieve highA 1.27-cm-thick strut provides rigid support for temperatures and pressures -- likely into the supercritical:he injection nozzles and also provides a recirculation thermodynamic range.
zone for flame holding in combustion studies. By
extending the strut upstream through the nozzle into the 3.0 Experimental Techniques
settling chamber, as shown in Fig. 1, and using the
method of characteristics to design the Mach 2 nozzles, Flow visualization was obtained by schlieren
the presence of strong waves in the freestream was photography and planar RayleighlMie scattering
avoided. LDV profiles show very symmetric and techniques, and velocity profiles were obtained with
uniform nominal Mach 2 flow on each side of the strut, two-component Laser Doppler Velocimetry (LDV).
The mean velocity and turbulence profiles show the Schlieren images were acquired using a mercury
freestreams above and below the strut to be very arc lamp and 20-cm-diameter plano-concave transmitting
uniform with turbulence intensities of about 1%. An mirrors. Images were captured on 10.2 x 12.7 cm
example of the LDV profiles obtained is shown in Fig Polaroid film using a 1/400 second shutter speed.
2. This profile is located in the test section at x = 2.54 The optical arrangement for the planar
cm. (where X -= .0 at-the base of the -strut). - LDV--- Riiyleigh/Mie scattering visualizations is given in Fig.
measurements acquired in the boundary layers on the 5. A Lambda Physik EMG 150 Excimer laser provided
surfaces of the strut (X = -1.27 cm) give a boundary ultraviolet light (X = 248 nm). The laser beam was
layer thickness of approximately 5 = 5.6 mm. In transformed into a sheet, approximately 50 mm wide
addition, the boundary layer turbulence intensities lie and 0.3 mm thick at the waist, and projected through
within the expected range for fully developed boundary the test section by a series of lenses and prisms. Three
layers when compared to data from previous studies separate configurations were used to obtain laser sheets
[Kuntz et al., 1987]. in the X-Y, X-Z, and Y-Z planes. The system

In this study, the three injection nozzle geometries configuration for streamwise (X-Y) view is shown in
shown in Fig. 3 -- circular, circular-with-tabs, and Fig 5.
elliptic -- were employed. The nozzles were rigidly
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The scattered light signal was collected through a predict turbulent phenomena in simple flows.
Nikon UV-Nikkor 105-mm f/4.5 telephoto lens and However, in a complex three-dimensional flow as is
imaged onto the 578 x 384 pixel array of a Princeton studied here, computation methods are not available and
Instrument Intensified Charge Coupled Device (ICCD) gaining solid understanding of the underlying physics is
camera. The temporal duration of the laser pulse, very difficult. In the current flow, the injected jet of
approximately 20 ns, is sufficiently short to consider helium and the mixing layers shed from both surfaces of
the images instantaneous, the strut undergo complex interactions. Given these

The Rayleigh/Mie scattering images were obtained interactions, it is expected that data obtained in basic
by the "scalar transport" technique. The incident UV flows such as turbulent mixing layers and jets is of
radiation was scattered off ice crystals from the limited use in the present investigation. We have
condensed moisture naturally present in the wind tunnel obtained detailed data, however, only some preliminary
supply air. As air passed through the supersonic tunnel results will be discussed in this paper.
nozzle, the moisture condensed to form an ice "fog" that The flowfield with no injection, N, was examined
scatters incident laser light. As in other investigations to establish a reference case against which the injector
which have used this method of marking a supersonic nozzle geometries could be evaluated. A schlieren
flow, whether the scattering is in the Rayleigh or Mie image of the no-injection case is given in Fig. 6. The
regime is not important so long as the particles boundary layers on the top and bottom strut surfaces are
accurately track the flow. Previous investigations have visible. The Mach 2 freestream and boundary layers
shown that these particles are small enough to follow expand around the base of the strut and encircle a
the large scale turbulent fluctuations ir the flow [Elliott recirculation zone. At the trailing edge of the expansion
et al., 1992, Wegner & Pouring, 1964]. regions, recompression shock waves are formed where

The ice crystals mark the freestream air. The the two mixing layers shed from the strut surfaces meet
injectant helium, on the other hand, was free of and interact. In the freestream, the shock waves appear
condensation. This, combined with helium's small as a half dark/half light scipe on the Rayleigh/Mie
scattering cross section, resulted in negligible scattering image of the streamwise view (Fig. 7a). The dark strip
from the helium relative to the air containing shows the region where the ice crystals melt and
condensation. Thus, the Rayleigh/Mie images appear evaporate as they pass through the temperature gradient
bright where air is present and dark where helium is associated with the shock. This two-dimensional
present. Regions of mixed fluid fall between the bright recompression shock wave, typical of a base flow,
and dark extremes. appeared in all cases.

A set of 20 instantaneous images was recorded for For the no-injection case (Fig. 7a), the
selected locations and operating conditions. Both the Rayleigh/Mie images show the recirculation zone:
streamwise (sheet in the X-Y plane) and the spanwise behind the base of the strut. The static temperature of
(sheet in the X-Z plane) images represent a 4.32 x 2.79 the recirculation zone is approximately equal to the
cm field of view, with the flow direction being left to stagnation temperature (300 K). This drives the water
right. The face-on images (sheet in the Y-Z plane) condensation back into the vapor state. This destruction
represent a 3.05 x 2.03-cm field of view with the flow of the scattering condensation is why the recirculation
direction out of the plane of the page. The camera was zone appears dark in Fig. 7a.
located approximately 30 degrees off of the X-axis in Injecting helium with nozzles located in the base
the face-on images. As a result, the images are of the strut creates a highly three dimensional flowfield.
elongated approximately 15% in the spanwise (Z) A streamwise image on the centerline of the injector
direction, nozzle for the circular nozzle helium injection (xV = 4) is

For the two-component LDV measurements, the given in Fig. 7b. For this and the other injection cases,
488 nm and 514.5 nm wavelength lines of an argon-ion the dark regions in the image are largely a result of the
laser were used. The measurement volume for each presence of helium (and corresponding lack of water
wavelength was approximately 4 mm in length and 130 condensation). Unfortunately, as cited previously,
pmn in width, with 16 fringes spaced approximately 7.9 condensation present in the air captured in the
...m apart.. Thev-collecming optics unitwas positioned-at --recirculation zone is destroyed. Although the evaporated
approximately 21 degrees off the forward scattering axis. moisture in the recirculating air recondenses as it mixes
The LDV system recorded approximately 5,000 with freestream air further downstream, the
acceptable bursts per measurement location. LDV Rayleigh/Mie scattering technique cannot be used to
profiles were obtained along the transverse (Y) and study the detailed evolution of the helium jet in the
spanwise (Z) axes at several streamwise (X) locations. recirculation zone. This ambiguity is confined to the

recirculation zone.
4.0 Results and Discussion Similar to the no-injection case, recompression

shocks emanate from the interaction of the mixing
Modern computational techniques and knowledge layers shed from the top and bottom strut surfaces.

derived from past experimental research can be used to However, two other shock waves are present upstream
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of the two-dimensional recompression shocks. These The following discussion is divided into two
shock waves are also recompression shocks. They sections. First, the flow dynamics which govern the
result from the intersection of the helium jet mixing evolution of the different injected flows will be
layer and the mixing layers shed from the strut surfaces. considered. Second, the comparative large-scale and
Since the helium jet is highly underexpanded, the small-scale mixing performance of the seven injection
mixing layer s_,ounding the jet diverges outward from configurations will be discussed.
the nozzle ex::. resulting in the interaction with the Since the air in the recirculation zone behind the
nominally twc.-. xmensional mixing layers. Given that strut is of relatively low velocity and at a lower pressure
the injector m.; zle is circular, it is not surprising that than that at the injector nozzle exit, the injected jet is
the "jet/mixing iayer" recompression shock is not two- expected to behave much like an underexpanded free jet
dimensional. Fo;r this reason and for the sake of clarity, until it interacts with the mixing layers shed from the
these initial shock waves are referred to as "conical top and bottom of the strut. The underexpanded helium
shock". The three-dimensional conical shock wave jet forms a barrel shock and a Mach disk. The geometry
coalesces with the two-dimensional recompression of the shock structure is different for the different nozzle
shock between X = 2.2 and 3.5 cm depending on which geometries. When the jet interacts with the mixing
nozzle is in place. layers, the flow dynamics become very complex.

A schematic of the main features of the circular However, given that flows establish equilibrium by
injection flowfield is given in Fig. 8. Figure 8a gives a pressure and vorticity redistribution, insight may be
streamwise view which is analogous to the gained by considering pressure gradients and vorticity
Rayleigh/Mie visualization of Fig. 7b. Figure 8b gives vector orientations.
a plan view through the nozzle centerline. The three- It is obvious from the face-on images of the jet
dimensionality of the conical shock is shown in Fig. that the mixing layers shed from the strut restrict jet
8c, where the flow is out of the plane of the page. spread in the transverse direction. This is certainly true

Streamwise Rayleigh/Mie visualizations on the for the case of the circular injector nozzle (Fig. 10b) and
injector nozzle centerlines are given for the other the circular-with-horizontal-tabs injector nozzle (Fig.
injector geometries in Figs. 7c-h. Recall that 14 equals l0e). For the circular case, an oblong jet is encountered
4 for all of the injection cases. The conical shocks are where a round jet would be expected for the free jet case.
clearly present for all cases except the elliptical nozzle For the injector with horizontal tabs, T3, growth in the
whose major axis is oriented parallel to the streamwise transverse direction would be expected to be more
laser sheet (E l case). This is likely a result of the axis- pronounced than the growth in the spanwise direction
switching effect commonly observed in oblong jets. [Reeder, 1994]. Restriction of transverse jet growth by
The twc-dimensional recompression shocks are present the shed mixing layers is also suggested by Figs. 10f
for all of the injection cases as would be expected. and 10l, where the transversely-oriented elliptical jet
Schlieren photographs confirmed that the expansion has spread much more in the spanwise direction than the
fans and two-dimensional recompression shocks are very spanwise-oriented elliptical jet has spread in the
similar for the injection and no-injection cases. transverse direction.

Figure 9 gives instantaneous Rayleigh/Mie Previous studies have shown that tabs in subsonic
scattering images of the face-on view located at X = and supersonic free jets generate a pair of counter-
2.54 cm. These images show the jet contour, the fluid rotating vortices which engulf ambient fluid. The
previously in the boundary layer, and the conical shock generation of these vortices has been attributed ib a
waves as outlined in Fig. 8. The streamwise location pressure "hill" upstream of the ta b and a lower pressure
of X = 2.54 cm is far enough upstream that only the downstream of the tab. The strength of the pressure
conical shock waves are visible. The three-dimensional gradient was seen to increase with increasing jet-to-
conical shock waves appear in the images of Fig. 9 as freestream pressure ratio [Zaman et al., 1995]. As a
an arc, above and below the strut, enclosing a bright result, it was expected that the circular-with-tab nozzle
region. This conical shock waves are more visible in cases (T1, T2, and T3) would generate counter-rotating
the average face-on Rayleigh/Mie images at the same vortices. The mixing layers shed from the strut surfaces

--location, which are-gi-,en in Fig. 10. .- ..-....--- appear to either reinforce or degrade these vortices
Mixing is initiated by large-scale structures, which depending on the orientation of the nozzle with respect

entrain large quantities of fluid into the mixing region. to the wake flow. For example, in the T1 case, the
This "fuels" the cascading process which generates mixing layer reinforces the effect of counter-rotating
smaller scale turbulence down to the micro-scales. vortices to engulf freestream air and the jet quickly
Micro-scale mixing is a necessary component of the bifurcates into two adjacent cores. Bifurcation is clear
combustion process, since the fuel and oxidizer must be in the face-on views at X = 2.54 cm (Figs. 9c and 10c).
mixed on a molecular level in order to obtain efficient The bifurcation is so pronounced that the streamwise
combustion. Therefore, when one speaks of mixing, it view on injector nozzle centerline for the T1 case (Fig.
is important to differentiate between large-scale and 7c) looks nearly identical to the no injection N case
small-scale mixing. (Fig. 7a). The separation into two cores is so complete
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that freestream fluid is allowed to flow between the the wake flow in a manner similar to the T2 case and
cores, almost as if there were no jet on the ejector also formed an "S" shaped jet cross-sectional area. The
nozzle centerline. For the T2 case, it is evident that the T3 case does not achieve an axis switch. Instead it
pair of streamwise vortices created by the tabs is becomes rather compact. This jet displays "curls" at the
distorted by the mixing layer to form the "S" like jet plan view sides of the jet relative to the strut. These are
contour of Fig. 10d. This distortion can be understood presumably caused by streamwise vortices. They appear
by considering the free jet dynamics for a two-tab nozzle to be spatially stationary judging from the presence of
case and a superimposed no-injection flowfield around engulfed air between the location of the curls seen on
the base of the strut. Secondary to the flow along the the average image (Fig. 10h).
axis of injection, the jet fluid is seen to flow The different nozzle geometries and orientations
predominantly outward along a line perpendicular to a indeed create different jet shapes. The question now
nozzle diameter connecting two tabs [Reeder, 1994]. arises -- which nozzle configuration promotes the best
For the T1 case, this motion is directed along the mixing? Mixing can be approached from two sides:
spanwise axis of the tunnel (horizontal in Figs. 9c and large-scale mixing involving large scale structure and
10c). This same motion of jet fluid for the T2 case is small-scale mixing down to the molecular level
directed at an angle into the mixing layers on top and necessary for efficient combustion. Large-scale mixing
bottom of the strut. A noticeably larger conical can be viewed by considering overall jet parameters such
recompression shock wave is generated at the point of as the cross-sectional jet area and the mixing layer
intersection between the jet and the mixing layer perimeter of the jet. To determine these parameters, the
relative to other points around the jet (See Fig. 16d). mixing region must first be identified. The RMS
Large conical shocks occur for other cases as well (Figs. intensity from 20 images was calculated to identify the
10 d, e, g, h). The two-dimensional mixing layers mixing region. The two primary regions of the jet are
seem to suppress the action of the tab vortices in the T3 the core and the mixing layer. The core is the portion
case (Fig. 10e). Virtually no evidence of stationary of the jet that remains uwnixed (i.e. 100% helium).
streamwise vortices is encountered and the jet remains The jet mixing layer is the portion of the jet that
compact in a cross-sectional area similar to that of the contains helium mixed with air. The mixing region is
circular jet. characterized by high RMS intensity values. Figure 11

Jets emanating from elliptic nozzles evolve shows RMS images for the different nozzle
significantly differently from those emanating from configurations. The high intensity RMS values arise
circular (and circular-with-tabs) nozzles. The elliptic from the helium and air engulfed in the jet mixing layer
jets begin with different dynamics. The large azimuthal intermittently passing the plane of view. The
curvature variation of elliptic vortical structures causes maximum RMS values around the jet can be loosely
non-uniform self-induction and subsequent complex compared to the neutral (or saddle) point about which
three-dimensional deformation. The most notable the shear layer structures seem to rotate.
phenomenon of an oblong jet is axis-switching in The region of highest RMS values was used to
which the jet cross-section contracts in the direction of define a contour line of the mixing layer to compare jet
the major-axis and expands along the minor-axis, so spread between injection cases. Using a computer
that the two axis are eventually interchanged [Hussain graphics program. a contour was visually interpolated to
& Husain, 1989]. This phenomenon is believed to be approximate the curve of maximum RMS surrounding
intimately related to momentum thickness around the the injected helium jet (Fig. 12). The resulting
jet perimeter. The face-on images for injection from the contours are shown in Fig. 13. Near the base of the
elliptic nozzles (El, E2, and E3) are shown in Figures strut, the condensation destruction in the recirculation
9f-h and lOf-h. The elliptic jet in the El orientation zone must be kept in mind.
goes through one axis switch by X = 2.54 cm and In order to evaluate the mixing potential of the
appears to continue spreading along the new major axis. different injector geometries, one needs to consider the
The mixing layer didn't seem to hinder the axis switch interfacial surface area between the jet fluid and the air
and perhaps even induced subsequent jet spread in the . per unit volume of jet fluid available for mixing. This
-spanwise direction.-...Aplan..view.image (not included ... is-calculated as-the ratio of the jet perimeter (p) to the
here) shows that the jet core has bifurcated (albeit less cross-sectional area (A) of the enclosed region. This
completely than in the TI case) and that each core quality is given by the shape parameter, defined as,
appears to be traveling away from the centerline. This
bifurcation is explained in the subsonic case by a p
connecting type action of adjacent sides of the elliptic S =
vortical structure [Hussain & Husain, 1989]. If the 2 0eRo
"connection" becomes complete, the elliptic jet
separates into two adjacent, almost circular jets. A where Ro is the effective radius defined as
distorted axis-switch is seen for the E2 case. The
elliptic jet at the ends of the major axis was distorted by
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A mixedness maps highlight the area where mixing
R, = occurred. At the X=1.27 cm location, the jet flow is

clearly beginning to bifurcate. At the center of the jet
core and outside the jet area, little mixing has occurred.

A, p, Ro and S were calculated from the face-on images Mixing occurs in the mixing layer of the jet; the
located at X = 1.27, 2.54, and 5.08 cm for all the nozzle mixedness map is not uniform due to the under
configuration (Table 2). The area and shape factor are sampling.
shown graphically in Figures 14 and 15. A large shape Comparison of Figs. 16a and 16b show an
factor and a large area are desired for a favorable mixing increase in the mixing layer of the jet and in the jet
situation. This data in Table 2 clearly indicate that the cross-sectional area between X=1.27 cm and X=2.54
circular-with-tabs nozzles, especially the T1 case, cm. Note that the mixing intensity is less at X = 2.54
produce the largest mixing areas and shape factors. At cm than at X = 1.27 cm downstream. This indicates the
the X = 2.54 cm location, the T1 case produces an area mixing strength is dissipated with the progress of
which is 36% larger than that obtained with the circular mixing. At the X = 5.08 cm location, the growth of the
injector (case C), with a shape factor only 15% higher mixing region and shear layer thickness continues and
than that of case C. Although T3 produces an area the mixing intensity drops correspondingly.
which is also 36% larger than that of case C, the T3 In light of the above discussion, it seems that the
shape factor (1.22) is smaller than that of case C (1.28). within the same nozzle geometry (i.e. elliptic, circular-
Based on the data for the X = 2.54 cm location, T1 is with-tabs), the orientation that allows the natural (free
the favored configuration. For the case of the elliptic jet) spreading to occur would support the best mixing.
nozzle, configuration E3 generates larger area but El A more detailed description of the results presented here
generates larger shape factor. Both T3 and E3 yield very as well as an accounting of results which have been
low shape factors. collected but not presented because of space limitations

At the X = 5.08 cm location, the tabbed nozzle will be available in the near future. [Glawe, 19951.
again produces greater mixing areas than the other
nozzle geometries. The shape factor of T1 (1.82) is 5.0 Conclusions
58% higher than that of case C (1.15). The area for T1
is 35% larger than for C, similar to the results obtained A supersonic windtunnel facility capable of
at X = 2.54 cm. Interestingly, the shape factor of C, providing continuous high Mach number flow with
T3, and E3 are very similar (1.15). This outcome large fuel mass injection capacity has been utilized for
suggests that the T3 and E3 configurations do not an investigation of mixing enhancement with various
enhance mixing appreciably. parallel injector nozzle geometries. To simulate strut

Once the area of interest is defined, an evaluation fuel injection, a strut was designed to generate a
of mixedness quality in this region can be performed. A nominally two-dimensional recirculation zone into
mixedness parameter was developed to give a figure of which the fuel could be injected. Without fuel
merit for the small scale mixing. The mixedness injection, the key flow elements in the vicinity of the
parameter is defined by strut base are the expansion fan, the recirculation zone

and the nominally two-dimensional mixing layers shed
from the top and bottom of the strut. With the sonic

2 fuel injection, the flow near the base of the strut had-the
added complexities associated with underexpanded jets,

M =three-dimensional "conical" recompression shocks,
[(I, - 7V7- 12 f barrel shocks, Mach discs, slip lines, etc. To eliminatethe possible complications of a shock wave/jet

interaction, the strut was extended into the settling
chamber and a shock-free freestream flow both above

where I1 is maximum intensity of scattering in air and and below the strut was established.
-I-2 is minimum-scattering-in-helium.. .Thus.M equals. -- The large flow facility allows for a large strut and a
zero for no mixing and one for fully mixed. The large injection port so that many important features
mixedness calculated using this parameter closely could be identified with imaging techniques such as
resembled the mixedness values calculated from two Rayleigh/Mie scattering and PLIF. The continuous
other established mixedness equations [Pratt, 1975, flow facility allows the momentum transport to be
Konrad, 1976]. However, the above defined mixedness characterized with LDV. Only with these two
equation requires less computation. Mixedness plots for important advantages was this extensive experimental
the T1 case are shown as a sample set of face-on investigation possible.
mixedness images located at X = 1.27, 2.54, 5.08 cm Helium was injected to simulate hydrogen fuel.
(Fig. 16). Unlike the average images which show a Nozzle geometry effects on the mixing behavior were
smooth transition across the mixing layer, the investigated. In addition to a circular injector nozzle,
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Table 1: Operating condition for helium injection into Mach 2 air freestream

P6- T0  Mach # P. or Pi T- or Tt P- or Pxi U. or U.
KPa K KPa K kg/m3 m/s

Freestream 344 301 2 44 167 0.918 518
Helium f414 292 1 201 219 0.443 871
* Note the T, for the helium accounts for pressure losses in the fuel that result in an actual

lower exit pressure closer to 180 KPa as opposed to the theoretically calculated 210 KPa

Table 2: Measured Parameters for Large Scale Mixing

X Nozzle Area Perimeter Effective Shape
(cm) (square pixels) (pixel units) Radius Factor

1.27 c 26368.00 695.12 91.61 1.208
1.27 ti 25166.00 807.00 89.50 1.435
1.27 t2 26373.00 759.80 91.62 1.320
1.27 t3 30597.00 711.10 98.69 1.147
1.27 e 1 23355.00 685.60 86.22 1.266
1.27 e2 22945.00 688.30 85.46 1.282
1.27 e3 27035.00 645.00 92.77 1.107
2.54 c 25533.00 730.00 90.15 1.289
2.54 ti 34193.00 974.00 104.33 1.486
2.54 t2 28209.00 729.00 94.76 1.224
2.54 t3 34943.00 796.00 105.46 1.201
2.54 el 22674.00 786.00 84.96 1.472
2.54 e2 24613.00 792.00 88.51 1.424
2.54 e3 28978.00 693.00 96.04 1.148
5.08 c 26415.00 662.89 91.70 1.151
5.08 ti 34807.00 1204.50 105.26 1.821
5.08 t2 32160.00 1039.00 101.18 1.634
5.08 t3 34414.00 767.75 104.66 1.167
5.08 e 1 29532.00 950.70 96.96 1.561
5.08 e2 19352.00 752.20 78.49 1.525
5.08 e3 31456.00 721.70 100.06 1.148
8.64 c 19530.00 560.84 78.85 1.132
8.64 tl 40487.00 1090.00 113.52 1.528
8.64 t2 27371.00 677.20 93.34 1.155
8.64 t3 25763.00 697.95 90.56 1.227
8.64 e 1 29690.00 965.60 97.21 1.581
8.64 e2 18932.00 569.30 77.63 1.167
8.64 e3 36531.00 850.85 107.83 1.256
12.7 c 22121.00 589.09 83.91 1.117
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Figure 8: Schematic of instantaneous Rayleigh/Mie scattering images a) streamwise, b) plan. and
c) face-on views.
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Figure 16: Mfixedness images for helium injection case TI. Face-on
plane of view located at x = a) 1.27, b) 2.54. and c)i 5.08 cm.
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CIRCULAR AND ELLIPTICAL TRANSVERSE INJECTION INTO A SUPERSONIC
CROSSFLOW--THE ROLE OF LARGE-SCALE STRUCTURES

M.R. Gruber* and A.S. Nejadt
Advanced Propulsion Division, Experimental Research Branch

Wright-Patterson AFB, Ohio

J.C. Dutton§
Department of Mechanical and Industrial Engineering

University of Illinois at Urbana-Champaign
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Abstract f mean free path
An examination of the large-scale structure of the M Mach number

flowfields associated with sonic transverse injection N number of images
through circular and elliptical nozzles into a Mach 2 p static pressure
crossflow is reported. Instantaneous shadowgraph photos P perimeter
provide documentation of the flowfields. Planar Rayleigh r0  effective radius = (A~y 7c) 1/2
scattering images of near-field flow planes produce R area ratio = A0y / A )I or A/2 Ax, gas constant
substantial information about the jet/crossflow interaction.
Instantaneous images allow examination of the structural S large-scale shape parameter P / 2itro

details, while ensemble-averaged images provide tp particle response time

transverse penetration and lateral spread data for each t3 large-eddy rollover time
injector. Standard deviation images produce information u velocity
regarding the large-scale mixing and document the x streamwise coordinate
development of mixing zones associated with these flows. y transverse coordinate
Results show a highly three-dimensional interaction z spanwise coordinate
dominated in the near-field by two types of large-scale 5 boundary layer thickness
vortical motions: shear layer eddies and a counter-rotating AU velocity difference
vortex pair. Substantial differences in the shear layer F eccentricity
structure occur when using air or helium as the injectant Y specific heat ratio
gas. Penetration results show that the elliptical jet spreads s. dynamic viscosity
more quickly in the lateral direction than the circular jet, density
confirming that some axis-switching phenomenon is p density
present. Near-field transverse penetration data collapse T standard deviation

well with low speed scaling conventions, and the power
law curve fits obtained are in good agreement with Subscripts
previous results. Finally, analysis of mixing potential from cl injector centerline
the standard deviation images indicates that the helium and e exit
air injection flowfields show significant differences that f freestream
suggest air injection yields better large-scale mixing j jet
potential than helium injection. p particle

x streamwise coordinate

Nomenclature xs jet cross section

a semi-major axis of an ellipse, speed of sound F standard deviation

A area Introduction
b semi-minor axis of an ellipse Efficient injection, mixing, and reaction processes that
deft effective injector diameter = (4 Axs/ t)1/2 occur inside a supersonic combustion chamber will be

fundamental to the success of air breathing hypersonic
I intensity vehicles. These processes must take place in a supersonic
I mean intensity stream due to undesirable effects associated with
J jet-to-freestream momentum flux ratio decelerating a supersonic flow (M = 6-8) to appropriate
Kn Knudsen number speeds for subsonic combustion. Residence times within
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such combustors will necessarily be short, thus requiring vorticity did not contribute to the formation of wake
the mixing and combustion to occur rapidly. The present vortices; rather, these structures formed from vorticity
work is an experimental investigation of the flowfields present in the crossflow boundary layer. They also showed
created by gaseous jets injected transversely into a dramatically different wake structure compared to that
supersonic crossflows, which is one possible arrangement formed behind a solid protrusion in the crossflow.
for fuel injection in supersonic combustors. Fundamental investigations of the vortex structure of

Schematics of the transverse jet injected into a wall injection into a supersonic flow are less common than
supersonic crossflow appear in Fig. 1. Figure la shows the for the low speed case. Heister and Karagozian 9 proposed
qualitative features of the flowfield in a plane through the a model of the flow based on the dominant counter-rotating
spanwise jet centerline. A three-dimensional bow shock vortex pair formed within the jet. Other experimental10-14
forms ahead of the injectant stream and interacts with the and numerical15-17 studies of basic and complex injection
approaching boundary layer, resulting in a separation flowfields consistently document the presence of these
bubble. A barrel shock also occurs as the underexpanded characteristic vortices. However, the shock structures
jet accelerates into the crossflow. Acceleration of the jet within the freestream and the underexpanded jet, along
core flow continues until a normal shock, or Mach disk, with the time-averaged features of the flow, received more
forms. Directly downstream of the jet plume another attention than the role of this important vortex pair in the
separated zone develops in the region between the jet exit near-field region. Recently, instantaneous planar laser-
and the boundary layer reattachment point. Figure lb is a induced fluorescence (PLIF) of nitric oxide1 8 and
perspective view of the three-dimensional flowfield. This acetone 19 and Mie scattering14,19,20 images have revealed
schematic shows the pair of counter-rotating vortices large-scale vortices present within the shear layer at the
generated within the jet fluid. A horseshoe -vortex region jet/freestream interface. These vortices, similar to those
also forms near the jet exit and wraps around the injector observed by Fric and Roshko1 in that their orientation
as illustrated in the schematic. suggests faster injectant fluid tangent to the interface near

Fric and Roshko 1' 2 conducted an experimental study the injector, appeared to contribute significantly to near-
using smoke-wire visualization in an attempt to examine field entrainment. Sirface flow visualization
the development of large-scale structures in the flowfield studiesI017,19 clearly illustrate the region where
created by a jet injected into a low speed stream. Their horseshoe vortices wrap around the injector orifice. No
photos illustrate the emergence of four types of vortical evidence of the wake vortices observed in the low speed
structures near the injector exit: the shear layer vortices, flow case is available for supersonic injection. However,
the counter-rotating pair, the horseshoe vortices in the since these structures arise from vorticity contained in the
near-wall region, and the vortex system formed in the wake crossflow boundary layer, they are likely to also exist in
region. The shear layer vortices developed from vorticity the supersonic flow case unless the bow shock acts in some
contained in the jet boundary layer, and oriented way to inhibit this vorticity from entering the wake.
themselves in such a way as to roll up into the freestream Circular and non-circular nozzles produce jets
fluid. This indicated that the injectant fluid moved with a exhibiting very different structural characteristics in the
higher velocity tangent to the interface than the freestream presence of both quiescent and co-flowing
fluid in the injector near-field. The counter-rotating environments._2 25 Studies of a small aspect ratio
structures, which also formed from vorticity present in the elliptical jet showed that the boundary layer momentum
jet boundary layer, 1,3 appeared two-dimensional and were thickness varied around the circumference of the jet
oriented in the streamwise direction. 4  These vortices orifice. 2 1 Ho and Gutmark 22 found that the instability in
persisted far downstream, although their strengths the elliptic jet arose from the maximum vorticity associated
decreased due to viscous dissipation.5 Other authors have with the smallest momentum thickness. This asymmetric
presented evidence of the dominance of these counter- instability led to the development of asymmetric vortices
rotating vortices formed within the injectant for the case of around the nozzle exit. An important result of this
low speed crossflows. 6 "7 Horseshoe vortices form in the asymmetry was that the spreading characteristics in the
near-wall region from vorticity within the crossflow major- and minor-axis planes became very different as the
boundary layer and vorticity generated due to the wall flow developed in the streamwise direction. At some point
pressure gradient resulting from the jet/freestream downstream, depending on the aspect ratio of the nozzle,
interaction. These structures bend around the jet orifice the widths of the jet in the two planes were equal.
before proceeding downstream. The most interesting However. downstream of this point an axis-switch
findings of Fric and Roshko1, 2 were the vortices observed occurred as the spreading of the minor-axis plane overtook23•24
in the wake region downstream of the injector. McMahon, that of the major-axis. ' Thus, the rate of spread in the
et al.8 obtained vortex shedding measurements from the minor-axis plane was larger than the rate of spread in the
wake region thereby acknowledging the presence of such major-axis plane. This minor-axis spreading was
structures, but the dynamics of their formation and their significantly greater than the spread associated with a
characteristic motions were unknown. By tagging different circular jet. where symmetric vortices form at the nozzle
regions with smoke, Fric and Roshko1 '2 found that the jet's exit. The expansion ratio of the jet also affected the
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structure; underexpanded elliptical jets spread much faster ensure that the boundary layer thickness approaching the
than perfectly expanded or subsonic elliptical jets.23 The injector would be the same for each case. At the chosen
shock structure within the underexpanded jet contributed injector location, the boundary layer thickness-to-effective
strongly to this result through acoustic feedback between jet diameter ratio is approximately 5/deff = I.
sound waves and the large structures of the shear layer.26

Similar feedback effects occurred in circular Injectors
underexpanded jets. These effects manifested themselves The two transverse injector geometries designed for
in vortical mode changes within the jet structure and these experiments included circular and elliptical nozzles.
alterations of the near-field pressure fluctuations rather To ensure a proper comparison between the two injectors,
than in spreading enhancement. 25  each had a cross sectional area of 0.049-in 2 . The orifice

The objective of the current work is to obtain a more diameter of the circular injector was, therefore, 0.25". The
thorough understanding of the dominant features that resulting elliptical aspect ratio was 3.8:1. Table I presents
govern the near-field mixing in flowfields created by the geometries of the injectors, where a and b are the semi-
transverse injection into supersonic streams. As suggested major and semi-minor axes, respectively, and s is
by the results presented above, large-scale motions eccentricity. Figure 3 illustrates the cross sectional and
dominate the near-field mixing processes in these flows, plan views of the injector geometries. The resulting
By using a planar imaging technique in the near-field, injectors have the same effective diameter (deff= 0.25").
more insight into the fundamental fluid mechanics of these Each injector was equipped with a pressure tap near its
flows is obtained. Relevant data include transverse and exit, as shown in Fig. 3, for static pressure measurements.
lateral penetrations, as well as statistics concerning the A pressure transducer was connected to this port and its
streamwise vortex pair, large-scale shear layer structures, output was documented using a general purpose data
and near-field mixing. acquisition system composed of a 486 PC, a bank of

Preston amplifiers, and a National Instruments A/D
Experimental Facility converter. In addition to this, the jet stagnation

The experiments documented herein were performed temperature was measured just upstream of the entrance to
in the supersonic combustion research facility located at each injector using a thermocouple that was monitored by
Wright-Patterson Air Force Base. The various components the same system. Both readings allowed the operating
of this facility have been discussed in detail elsewhere; 2 7  conditions of the injectant flow to be accurately set.
only a summary of the important features is included here. Dry air and helium served as injectant gases in these

studies. Tube trailers containing large volumes of highFlow Facility pressure (2000-psig) air or helium were-available outside
The wind tunnel used in this investigation is shown the test cell. A high-pressure regulator fed a 2" supply line

schematically in Fig. 2. A series of compressors capable of from the trailer. This line led to a manifold in the test cell,
producing a continuous 3 4 -1bm/s flow of air at about 750- where a 1" line supplied the injector. A dome regulator
psig and ambient temperature supplied the facility, placed in the line controlled the injectant pressure. A small
Additionally, an exhauster system evacuated the test amount of gas from the supply line loaded the regulator
section to approximately 3-psia before starting the tests. dome allowing very repeatable pressure conditions at the

A rearward-facing perforated cone, along with an jet exit to be set. Two solenoid valves were.installed
array of mesh screens and a section of honeycomb, between the dome supply and the regulator to conserve the
conditioned the air within the settling chamber. The cone injectant gas. Another solenoid valve allowed fast onloff
spread the flow uniformly within the chamber while the cycling.
screens and honeycomb reduced large-scale turbulence and
straightened the flow before acceleration by the supersonic Shadoweraph System
nozzle. Tunnel stagnation conditions were monitored by a Shadowgraph photography resulted in instantaneous
general purpose data acquisition system. visualizations of the flowfield of interest. A Xenon

A nozzle designed with a method of characteristics nanopulser with a pulse duration of approximately 10-ns
code28 produced a Mach 2 freestream. Recent results provided the light source. The light from this lamp was
indicated that the flow is uniform and two-dimensional collimated by a 4" lens and then focused using another 4"
within the test section at a Mach number of about 1.98.27 lens. Photographs were taken with a large format 4" x 5"
The nominal cross sectional dimensions of the constant back plane camera using Polaroid ASA 3000 film. A
area test section used in these studies were 5" by 6". A schematic of the system appears in Fig. 4.
pair of side windows and a top window provided optical
access to the flow. Imaigin2 System

For the present study, injector geometries were For the present experiments, two optical arrangements
incorporated into the removable test inserts housed within provided the means by which the flowfield is interrogated.
the bottom wall of the test section. Both injector Figures 5a and b present schematics of the configurations
geometries were placed at the same streamwise location to used for single-shot images, where a Spectra Physics
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Quanta-Ray DCR-4 Nd:YAG laser provided the laser In the present study, silane (SiH 4 ) combustion
beam. The output of the laser passed through a second produced the seed that marked freestream fluid. Silane is a
harmonic generator to produce a beam of light at 532-nm pyrophoric gas that, when exposed to oxygen, burns to
(approximately 400-mJ/pulse). A turning prism directed form primarily solid silicone dioxide (SiO 2 ), water, and
this beam to the traversable optical table mounted beneath hydrogen. In their study of the silane/oxygen reaction,
the test section where a combination of mirrors, prisms, Hartman, et al. 3 1 found that the stoichiometry for reactions
and lenses (-150-mm cylindrical and 500-mm biconvex) with less than 30% silane in oxygen took the form
produced the collimated laser sheet used for illuminating
the flowfield. For end view images, the sheet entered the 3 SiH4 + 7 02 -- 3 SiO2 + 6 H20 + 02. (4)
test section through one side window, while in the side
view images, the sheet entered through the top window. No chemically detrimental byproducts are created in this
The laser sheet had a width of approximately 50-mm and a reaction; however, silane presents some handling
thickness (measured using a photodiode and an difficulties since it is pyrophoric. In another study, Rogers,
oscilloscope) of roughly 200-4m at the long focal waist. et al. 3 2 used an electron microscope to characterize the

A Princeton Instruments ICCD camera (384 x 576 silicone dioxide particle sizes. The authors found that a
pixel array) and image acquisition system (controller nominal particle diameter of 0.2-gm results from this
model ST-130) obtained the flowfield images. The camera reaction. The specific gravity of silicone dioxide is
was water cooled and purged with nitrogen to reduce dark roughly 2.2 making the Stokes number, found using the
current noise. A Nikon UV-Nikkor 105-mm f/4.5 expected operating conditions, approximately 0.1. Thus,
telephoto lens placed in front of the pixel array improved these particles are small enough to allow accurate
the resolution associated with the pixel area. A Princeton interpretation of the scattering images. Additionally, the
Instruments pulse generator (PG- 10) synchronized the laser particles are truly passive participants in the fluid dynamic
flash lamp and the camera so that only a single laser pulse mixing processes encountered in the jet/freestream
was imaged, and a 486 PC running the CSMA image interaction. Therefore, large-scale mixing information may
acquisition software collected the images. Further image be directly obtained from ¶he images. That is, the images
analysis was done using the 486 PC and a Macintosh. may be used to interpret injectant concentration on the

scale of the imaging pixels. Molecular mixing informationSeedine Issues and Technique cannot be directly inferred from the images obtained here
Particle response characteristics are very important in since the relative resolution of the probe volume size to the

scattering experiments- seed particles must follow the diffusion scale of the flow is large because of the high
fluctuations within the turbulent flowfield so that the Reynolds numbers encountered.
collected images may be accurately interpreted. Samimy During initial hot-flow experiments with this
and Lele29 found that accurate particle response for Mie technique, acquired signal-to-background levels were
scattering images required a Stokes number, defined as the found to be too low for acceptable data quality. Thus, the
ratio of the particle response time scale to the characteristic SiO 2 seeding technique was supplemented by operating the
fluid dynamic time scale, of less than about 0.5. The facility at ambient temperatures so that the particles
particle response time is modeled using a Stokesian drag provided nucleation sites for condensation of naturally
law- given by occurring water vapor in the freestream air. This technique

2pdp provided adequate signal-to-background, levels; however,
I = (I + 2.76 Kn) -, (1) the completely passive nature of the SiO 2 particles was

sacrificed. A separate examination of particle size usingand the characteristic fluid dynamic time used is the large- polarization effects indicated that the combined seeding
eddy rollover time that takes the form technique produced particles that reside in the Rayleigh

3 =scattering regime. Intrusive probe measurements aimed at
AU determining the accuracy of the concentration

where 6 is the shear layer vorticity thickness, and AU is the measurements made using the pseudo-passive scalar
velocity difference across the shear layer. Thus, both imaging technique are presently in progress.
particle size and density play major roles in the ability of a A schematic of the silane injection system appears in
seed medium to adequately follow the turbulent Fig. 6. This figure shows key components of the system
fluctuations within compressible flows. Maxwell's including a cross purge assembly, check valves, regulators,
relation, given by shutoff valves, and remotely activated solenoid valves.

t -- 1. 5 -_- (3) Nitrogen provides the flush gas for the system. A regulator
pa sets the outlet pressure of the nitrogen bottle and a solenoid

allows estimation of the mean free path and thus valve opens while the silane is idle to allow flushing. A
calculation of the Knudsen number assuming a nominal vacuum pump connects to another leg of the cross so that
particle diameter is available, the entire system can be evacuated. Finally, the supply leg

of the system consists of a shutoff valve followed by a
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regulator, a pair of check valves, and a solenoid valve, that form in the air cases. Nonetheless, large-scale
Check valves straddle the solenoid valve so that the silane behavior is clearly visible. Other features that appear in
reaction is delayed until just prior to entering the tunnel. the helium photos that are absent from those taken with air

injection are curved shock waves in the region above the
Results and Discussion jet. These waves are most probably shocklets generated by

Flow conditions for the present investigation appear in the large-scale eddies. Some of these waves are relatively

Table 2. The key parameter that remains constant strong as indicated by the curvature change induced in the

throughout the experiments is the jet-to-freestream bow shock at their point of intersection.
momentum flux ratio (J) defined as

(Pu) ~,2 )End View Iaz
= _(Results of the end view imaging experiments are( 2\ )f pM2 discussed in the following sections. Instantaneous images
f( are presented first followed by statistical results. Both

This has been identified in the past as the principal ensemble-averaged and standard deviation analyses are
parameter controlling the jet's penetration into the discussed. The instantaneous shots provide a great deal of
crossflow.33 ' 34  information regarding the structure of the flowfield and the

The following sections present the various results characteristics of the jet. Ensemble-averaged images
obtained in this investigation. Shadowgraph photos appear reveal transverse and lateral jet penetrations. Finally,
first, followed by end view and side view imaging results, analyses of standard deviations provide substantial

information concerning the fluctuations in this highly
Shadowgraph Photos turbulent, three-dimensional flowfield. From these images

Instantaneous flow visualizations for each of the four it will be shown that descriptions of the flowfield in the
cases appear in Figs. 7a-d. The scale of the photographs is time-mean sense are not enough to gain an understanding
approximately twice the actual scale of the injection of where the mixing regions form and how enhancement of
flowfield. Clearly present in each photo is the freestream that mixing can be accomplished.
shock structure created by the presence of the jet. Both the Each end view image displayed covers approximately
bow shock and the separation shock formed ahead of the 6.4 effective diameters in the spanwise direction and 5.5
injector orifice are captured. It is interesting to note that effective diameters in the transverse direction. The flow
the inclination of the bow shock changes with the injector direction in all of the images is out of the paper. The color
geometry. Figures 7a and b illustrate the flowfield created palette has been reversed so that pure seeded fluid appears
by the circular jet. Compared to the bow shocks created in black while pure unseeded fluid appears white. This
the elliptical cases (Figs. 7c and d), those in the circular highlights the features within the jet fluid.
cases appear stronger. Another feature in these photos
worth some attention is the separation zone ahead of the Instantaneous Results
injector orifice. The shadowgraphs suggest that the Figures 8-11 show select instantaneous images of
elliptical injector produces a smaller region of separation the four cases studied in this investigation. Four
than the circular orifice, while each jet has the same streamwise image planes are represented for each case.
effective diameter and operates at the same value of J. Images taken with the laser sheet positioned at the jet

In addition to the freestream shock structure, the centerline (i.e., x/deff = 0) clearly show the shape of the
characteristics of the jet also appear in these photographs. bow shock. These images illustrate the three-dimensional
In the cases where the injectant is air (Figs. 7a and c), the nature of the flow by showing the intersection of the bow
jet shock structure is observed. The barrel shock created in shock with the separation shock. This intersection region
the elliptical case appears to be oriented at a shallower can perhaps be most clearly discerned in the first image of
angle above the bottom wall than that associated with the Fig. 9. The curved bow shock suddenly changes shape at
circular orifice. Also apparent in each case is the Mach the outer edges of the image where the separation shock
disk at the downstream end of the barrel shock. Beyond has wrapped around the injector orifice. Figure lb
the shock structure in these two figures, the large-scale provides some illustration of this phenomenon. Also very
eddies formed at the interface between the jet and prominent in the images from this location are the large-
freestream fluids are apparent. These structures form scale eddies that form in the interfacial region between the
immediately as the jet exits into the freestream. The jet and freestream fluids. Obviously, these structures form
shadowgraphs also indicate that the structures roll into the at the earliest stages of the flowfield's development.
freestream as observed in previous work. 14 ' 19 ' 20  The Another notable feature observed in the images obtained at
photos of the helium injection cases (Figs. 7b and d) xldeff = 0 is that the elliptical jet spreads laterally as much
appear quite different in comparison. Here, the jet's shock as the circular jet with half the span.
structure does not appear. However, the interface between As the image plane moves downstream, the vortical
the jet and freestream is clarified and the structures that structure of the jet fluid becomes quite dramatic. Each
reside there appear rather amorphous compared to those case studied here shows significant large-scale behavior at
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X/deff = 4. Counter-rotating vortices emerge as the jets for transverse jet penetration. Figure 14 presents the lateral
elevate off the floor of the tunnel. The edges of the jet penetration results. All four cases start with about the
fluid appear highly convoluted and dominated by small- same spread at xideff = 4. From here, the spreading trends
scale vortices. By x/deff = 8, the jet fluid in the air are not completely clear, though all cases eventually
injection cases has begun to break up considerably, while indicate some lateral contraction occurring. This
the helium cases appear to remain more coherent. Also observation is consistent with previous data obtained
detectable here are eddy shocklets that form as the large- farther upstream 14 and is thought to be indicative of the jet
scale eddies protrude into the supersonic crossflow. diffusing into the crossflow (i.e., that the jet fluid is mixing
Finally, the images at X/deff = 10 continue to show the with the crossflow fluid yielding smaller regions
spatial development of the jet along with relative intensity containing high concentrations of injectant). Helium cases
decreases that are indicative of mixing between the two appear to decay at a slower rate than those for air. The
streams. Large- and small-scale eddies remain very elliptical jets consistently spread as much or more than the
prominent and shocklets are again observed, circular jets on the average. This implies that the injectant

fluid spreads laterally at least two times faster in the
Ensemble-Averaged Results elliptical cases than in the circular since the span of the

Figure 12 presents the averaged results obtained elliptical jet is initially half that of the circular. It also
from the flowfield generated by helium injection through indicates that the axis-switching phenomenon observed in
the circular nozzle. Depending on the image plane other elliptical injection studies is preserved here. 2 3' 2 4

location, either 20 or 100 images were used to compute the Further work to quantify and understand these trends is
average images shown (20 shots at xldeff = 0 and 8, 100 presently underway.
shots at x/deff = 4 and 10). The larger ensembles were
taken to provide better averages for comparison to the Standard Deviation Results
probe-based concentration studies that are currently Beyond the time-averaged data, it is important to
underway. understand the fluctuations found in turbulent,

The first image shows the uniform freestream above compressible mixing flov~fields. By examining the image
the curved cross section of the bow shock. The jet fluid standard deviation given by
appears white in the image and extends from :(/ )2

approximately z/deff = -1 to 1. Some mixing between the o = , (6)
two streams is indicated at the upper edge of the jet fluid a N 1
by the intermediate gray scales found there. This is the more insight into the location, formation, and development
region where large-scale eddies first appear as shown in the of regions of fluctuating fluid can be better understood.
instantaneous images presented earlier. The sharp For example, the interface region between the jet and
gradients along the sides of the jet fluid suggest that the freestrearn fluids may be examined in more detail. Also,
small-scale eddies that form there do not provide the lifetime of the unfluctuating jet core can be identified
significant mixing potential as the jet exits the orifice and in terms of streamwise position.
interacts with the freestream fluid. Moving downstream to Standard deviation images appear in Fig. 15 for the
xldeff = 4, the counter-rotating vortex pair formed within injection of helium through the circular nozzle. As with
the jet fluid appears. These two structures create a void the averaged images presented above, either 20 or 100
region within the central core of the jet allowing fluid from images were used to compute the standard deviation
the freestream to be engulfed. Peripheral mixing between images shown (20 shots at x/deff = 0 and 8, 100 shots at
the two streams appears to have increased by this station as x/deff = 4 and 10). At the first measurement station,
suggested by the marked increase in gray levels. The two several details are worth noting. First, the bow shock
average images computed for x/deff = 8 and 10 illustrate appears to fluctuate slightly. Examining the ensemble of
similar characteristics. By the final image plane location, instantaneous shots from this location reveals that the bow
the amount of mixed fluid appears to have substantially shock is influenced by the large-scale eddies that form
increased over that shown in the image from x/deff= 4. intermittently at the jet's upper edge. Second, the shearing

The results of analyzing the averaged images for jet region around the periphery of the jet is observed. As
penetration appear in Figs. 13 and 14. Here, both suggested by the ensemble-averaged image in Fig. 12, the
transverse and lateral penetrations are shown, where the sides of the jet at this measurement plane are characterized
maximum jet penetration is defined as the location of 90% by thin regions of fluctuating fluid as compared to the top
of the average freestream intensity behind the bow shock. of the jet. Thus, most of the freestream entrainment that
The transverse results in Fig. 13 indicate that the jets have occurs at this location does so due to the large-scale eddies
all reached their maximum extent into the crossflow by evolving at the upper edge of the jet. Third, the jet core
roughly xldeff = 8. In fact, downstream of x/deff = 4, only and the crossflow are essentially undisturbed.
slight changes occur. Further, all four cases demonstrate Moving downstream to X/deff = 4, the development of
comparable values providing more evidence that the jet-to- the mixing region around the periphery of the jet can be
freestream momentum flux ratio is a correlating parameter examined in closer detail. Here, the region of fluctuating
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fluid has grown substantially on both the sides and the top across the entire region of investigation. It is therefore
of the jet. Note the region between the two counter- inferred that the helium flowfields result in faster decay of
rotating vortices near the bottom wall where significant the jet cores and, therefore larger regions of fluid
entrainment appears. Also note that the central cores of the characterized by turbulent fluctuations.
two counter-rotating vortices remain relatively devoid of Figure 18 illustrates the shape parameter data for each
fluctuating fluid compared to the region surrounding them. case. All four curves have similar characteristics in that a
Thus some regions of "unmixed" fluid (in terms of the sharp decay is experienced in the far-field (between x/deff
turbulent fluctuations) still exist. Continuing downstream, = 8 and 10). The plateau region occurs at or above a value
similar characteristics are observed, although the extent of of -3 in the near-field region. This suggests that the
the fluctuating fluid continues to increase. By x/deff = 10, contours are highly convoluted when compared to a perfect
no undisturbed cores remain, circle. The sharp decay indicates that the contours are

In an attempt to quantify the large-scale mixing tending to become more circular (or at least more toward
characteristics of the four cases studied here, further the tunnel shape parameter of 1.13) in the far-field mixing
analysis of the standard deviation images was undertaken. region. Thus, large-scale mixing appears more prominent
Each image was normalized by an average fluctuation level in the near-fields of these injectors. Glawe, et al. 3 5

from the freestream. Then, an arbitrary contour (here 70%) indicate that the combination of a large shape parameter
was chosen that gave an accurate representation of the and a large area are desired for favorable mixing
region containing fluctuating fluid. This region can be characteristics. On the basis of this observation and the
thought of as an active large-scale mixing zone. In no way data presented in Figs. 17-18, the helium flowfields appear
is this contour attempting to quantify how much freestream to result in better mixing characteristics downstream of
fluid has been entrained. Within this region, the large about 4 effective diameters than the air cases since they
eddies actively entrain fluid from the crossflow thereby produce larger values AG while the values of S remain
giving the two fluids the potential to become molecularly relatively constant. Also, the air cases appear to "catch up"
mixed. The contours corresponding to the images of Fig. to the helium cases in the far-field as the area ratio sharply
15 appear in Fig. 16. Once these contours were obtained, increases toward the helium values.
the area enclosed within them and their perimeters were There is some inconsistency observed when analyzing
computed. A shape parameter (S), defined by the areas using the method discussed above. Both

P instantaneous and ensemble-averaged results indicate that
S= - where ro = , (7) the helium injection cases remain more unmixed than the2 irro i

is used to indicate the amount of large-scale mixing air cases. That is, the data suggest that the air cases mix
occurring u ed tweend the twostream s.n of gshape paamig better than the helium cases in a large-scale sense. In theseoccurring between the two streams. The shape parameter flowfields, the jet-to-freestream momentum flux ratio
has been used in a recent investigation of parallel injection but the mass flow rate of air was
into a supersonic stream with good success." ThisCD different from the mass flow rate of helium. For this
parameter attempts to describe the relationship between the rent fo the mas flow ra of h e rhisperiete an are ofa gven ontur nd cmpaes hem reason, it is thought that another area should perhaps be
perimeter and area of a given contour and compares them used to normalize the data presented in Fig. 17. If the jet
to a perfectly circular contour. If the contour of interest fluid is assumed to remain entirely unmixed as interacts
was a perfect circle, the value of S produced would be
UnIty. This is also the geometry that leads to a minimum with the freestream, then the cross sectional area of the jetunity. Th i at aaso thea s geometry xa cand be compinimum
value of the shape parameter defined above. Thus, at any streamwise plane, x, can be computed as
contours that lead to shape parameters greater than unity A = (uPjujAxs)e (8)
are considered to have greater mixing potential than those (= u(8
having values of S near unity by virtue of increased mixing pjuj~x
area and the presence of large-scale structure. Further assuming that: (1) the static pressure field has

Plots of the area and shape parameter appear in Figs. equilibrated, (2) the static temperature field has
17-18, respectively. Some very discernible trends appear equilibrated, and (3) the velocity field at the desired
in these data. First, Fig. 17 shows the area ratio resulting streamwise location has become uniform allows
from the computations. This ratio is defined as the area calculation of the unmixed area occupied by the jet fluid.
inside the standard deviation contour, A0 ,, divided by the Recent laser Doppler velocimetry data show that by x/deff
cross sectional area of the injector, Axs. All four cases = 4, the streamwise velocity and mean Mach number fields
appear in the figure and two distinct pairs of lines result, have become relatively uniform. 3 6 Then, Eq. 8 may be
The fluctuation areas in the air injection flowfields grow simplified for x/deff = 4 as follows:
until X/deff = 4 and then fall off or plateau toward x/deft = Axs Pei yjRjRTf 1/2
8 before increasing again. The drop-off seems to result A4 = (9)
from the cores of the jet located within the counter-rotating Mf pf yfRfTej )

vortex pair remaining more unmixed over this region. In For helium and air, the two resulting values of A4 are 0.60
contrast, the helium injection cases grow monotonically and 0.23 in2, respectively. Using these values to normalize
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the areas inside the standard deviation contours results in As the image plane moves downstream, the jet
the data shown in Fig. 19. Here, two distinct pairs of structure changes dramatically. The jet breaks up quickly
curves appear. The data from the air cases fall much in the air cases, while more coherency remains in the
higher on the plot than those from the helium cases. Thus, helium cases. In Fig. 20, two large-scale eddies located at
this analysis, coupled with the shape factor data of Fig. 18, xldeff = 7 and 9.6 appear to have diffused significantly as
suggests that helium does remain more unmixed over the they have convected downstream. Some evidence of
range of study and that air injection results in more mixing vortex structure within the wake region also appears in
potential than helium injection, these images, although it is inconclusive at this point

whether or not a system of wake vortices similar to that
Side View Images documented in incompressible injection studies 2 is

Results of the side view imaging experiments are established here.
discussed below. Instantaneous images appear first,
followed by ensemble-averaged results, and then standard Ensemble-Averaged Results
deviations. The instantaneous shots provide a great deal of Figure 24 illustrates the results of analyzing the
information regarding the structure of the flowfield and the averaged side view images for jet penetration. The
characteristics of the jet, with particular emphasis on the intensity of the jet boundary presented corresponds to 90%
large-scale eddies that form between the jet and freestream of the average freestream intensity behind the bow shock
fluids. Ensemble-averaged images produce transverse jet (i.e., outer edge of the jet). Each of the plots compares the
penetrations. Finally, standard deviation images provide performance of an individual injector configuration.
further information concerning the growth of the mixing Keffer and Baines 39 found that the penetration profile data
region at the upper edge of the jet and the effects of the obtained from a subsonic jet in crossflow collapsed to a
turbulent fluctuations. single curve in the near injector region when the

Each side view image displayed (laser sheet placed at coordinate axes were scaled by J-1. The same convention
the spanwise jet centerline) covers approximately 5.6 has been applied here. Power law curve fits applied to the
effective diameters in the streamwise direction and 5.3 data result in the followieg correlations for circular and
effective diameters in the transverse direction. The flow elliptical injection, respectively:
direction in all of the side view data is left to right The 0.344
color palette has again been reversed so that pure seeded Y = 1.20 x'xcl (10)
fluid appears black while pure unseeded fluid appears deff.J df.
white. Two image planes (100 images each) separated by 0,344
0.4 effective diameters in the streamwise direction were and Y =1.10 x-XCI (11)
examined for each case. deft J deft. J

Instantaneous Results From these results it appears that the elliptical injector
Figures 20-23 show select instantaneous images (Fig. 24b) actually suffers a slight reduction in transverse

of the four cases studied here. The first image of each pair penetration compared to the circular case shown in Fig.
24a. The forms of the present correlations are the same asillustrates the formation of the bow and separation shocks that used previously to describe the behavior of circular

ahead of the jet exit. These shots also demonstrate the jets at several values of J. 14

large-scale behavior at the jet/crossflow interface.

Significant differences in structure size and shape occur
between the air and helium injection cases. The eddies in
the air cases are predominantly long, well pronounced roll- A pair of side view standard deviation images
UPS into the freestream fluid. Discernible "braiding" from air injection through the circular injector appears in
regions form between pairs of large structures. These Fig. 25. The left image illustrates the slight fluctuation in
regions highlight the role of large-scale eddies in the the bow shock position. As in the end view images from
engulfment process. The large structures strain the x/deff = 0, the intermittent large-scale eddies formed at the
interface between them and then wrap freestream fluid into upper edge of the jet boundary were found to influence the
their cores. The structures in the helium cases are much shock's position. The most prominent feature observed in
flatter and more amorphous than those found in air this image is the mixing layer that grows from the
injection. Also, the braiding regions are not nearly as well upstream edge of the injector orifice. This mixing region
pronounced suggesting that less freestream engulfment grows very rapidly. Other features visible in the left imagepourincted hlum jectiong chat less es. Sama-l eddlfmest include the unfluctuating freestream and jet core regions.mcursinthe comiumoinjh Tecton trasts. betwnche ts The jet core viewed at the spanwise jet centerline existsappear muntil approximately xldeff = 5 where the fluctuations of the
injectant gases resembles the effects of compressibilityseen in two-dimensional shear layers.37,38 In an earlier mixing layer above and wake below coalesce.
seeny using t o-dimensioxenal shearlayr. sinlan erarler Downstream of this location, the entire jet region containsstudy using carbon dioxide and helium, similar structural fucatos

characteristics were observed. 14  fluctuations.
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Future work on the standard deviation results will roll up into the freestream. These eddies strain the
include documentation of the growth of the upper mixing interface between them and serve the engulfment process
layer, determination of the coalescence point between the well. Structures at the interface of the helium jet appear
mixing layer and wake, and identification of where the more amorphous. These images also illustrate the rapid
majority of the upper edge fluctuations occur--above or break-up of the jet in the far-field (downstream of about
below the mean penetration contour. Also, a covariance x/deff = 6). Also, some evidence for the presence of wake
analysis will be used to examine size and orientation of the vortices exists. Ensemble-averaged images yield
large-scale structures. transverse penetration data for all cases. Using low speed

scaling techniques to collapse the near-field data produces
Summary and Conclusions two correlations describing the circular and elliptical

This study of the interaction of sonic jets injected penetrations. Both correlations compare well to previous
transversely into a supersonic crossflow through circular results. Standard deviation images illustrate the rapid
and elliptical nozzles produced shadowgraph photos and growth of the mixing layer at the upper edge of the jet and
two-dimensional images of the large-scale structures that the rapid decay of the jet core. These images also show the
dominate the mixing process in the near-field. growth of the wake region downstream of the jet orifice
Shadowgraph photos reveal stark differences among the and its coalescence with the upper edge mixing layer.
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Table 1 Injector Geometries

Injector a b Axs E

(in.) (in.) (in 2 )
I - -

Circular 0.125 0.125 0.049 0
Elliptical 0.246 0.064 0.049 0.97

Table 2 Experimental Flow Conditions

Case J Mf Mj pf pj Yj

(psia) (psia)
- 2 - - a

IC 2.9 2.0 1.0 6.0 69.0 1.40

2E 2.9 2.0 1.0 6.0 69.0 1.40

3C 2.9 2.0 1.0 6.0 58.0 1.67

4E 2.9 2.0 1.0 6.0 58.0 1.67
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Figure 7a Shadowgraph-Circular Injection of Air Figure 7c Shadowgraph-Elliptical Injection of Air

Figure 7b Shadowgraph-Circular Injection of Helium Figure 7d Shadowgraph-Elliptical Injection of Helium

13



5.0
4.2
3.42.6 ••

1.8
1.0
0.2

3.2 1.6 0.0 -1.6 -3.2 3.2 1.6 0.0 -1.6 -3.2 3.2 1.6 0.0 -1.6 -3.2 3.2 1.6 0.0 -1.6 -3.2

x/def= 0 x/deff 4 X/deff 8 x/deff 10

Figure 8 Instantaneous End View Images of Circular Injection Using Air
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Figure 9 Instantaneous End View Images of Circular Injection Using Helium
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Figure 10 Instantaneous End View Images of Elliptical Injection Using Air
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Compressibility effects in supersonic transverse injection flowfields

M. R. Gruber and A. S. Nejad
Wright Laboratory, W[JPOPT, Wright-Patterson AFB, Ohio 45433

T. H. Chen
Taitech, Inc., Beavercreek, Ohio 45440

J.'C. Dutton
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801

The flowfields created by transverse injection of sonic gaseous jets through a circular nozzle into

a supersonic crossflow have been experimentally investigated using planar Rayleigh/Mie

scattering from silicon dioxide particles seeded into the crossflow stream. Helium and air were

used as injectant gases allowing an examination of the effects of compressibility on the large-

scale structural development and near-field mixing characteristics present within the flowfield.

Instantaneous images from end and side view image planes show a highly three-dimensional

interaction dominated by both large- and small-scale vortices. Analyses of these image

ensembles provide jet spreading and penetration characteristics, standard deviation statistics,

large-scale mixing information, and two-dimensional spatial correlation fields. Results indicate

that injectant molecular weight does not strongly affect the jet's transverse penetration into the

crossflow, although it leads to substantially different compressibility levels that dramatically

influence the characteristics of the large-scale structures formed in the shear layer and the

entrainment and mixing occurring between the injectant and crossflow fluids. The large-scale

eddies tend to rapidly break-up in the low compressibility injection case while those in the high

compressibility case remain coherent over a longer spatial range. Mixing layer fluctuations

present in the low compressibility case intrude deeply into the jet fluid as compared to the high

compressibility case, where these fluctuations are confined near the jet edge.



I INTRODUCTION

Transverse injection into a supersonic stream is of fundamental interest to the supersonic

propulsion community since it represents a potential fuel injection scheme for use in supersonic

combustion ramjet (scramjet) engines. Candidate fuels for these engines include hydrogen and

various hydrocarbons. The dramatic molecular weight difference associated with these fuels

leads to a wide variation in the level of compressibility of the mixing layer that develops between

the injectant and crossflow streams. Several studies of two-stream compressible shear layers

have provided strong evidence that increasing compressibility affects the mixing layer growth

rate, I stability,2.3 turbulence levels, 4'5 and turbulent structures.68 The le',el of compressibility is

described in te-ms of the convectikve Mach number (Mc). This parameter, .,iven by either

Mc.I =(U -Uc)/aI or Mc.2 =(Uc-U 2 )/a2 , (I)

characterizes the convective velocity of the large-scale structures (Uc) relitive to either the high

speed stream (J 1) or the low speed stream (U2).9 Compressibility effects in transverse injection

are important -o quantify for a more complete understanding of the potential performance

differences associated with the range of fuels under consideration for scramjets.

Figure I presents a schematic of the transverse injection concept, where a sonic gaseous

fuel jet exhausts perpendicularly into a supersonic crossflow. The disturbance to the crossflow

results in the creation of a bow shock wave that interacts with the approaching turbulent

boundary layer producing a region of separated flow upstream of the injector exit and a

separation shock wave. The bow shock strength varies from essentially a normal shock near the

injector wall to a Mach wave far above the injector wall. In the three-dimensional injection case.

the bow shock curves quickly around the injectant plume, and a pair of horseshoe vortices forms

near the wall and sweeps around the injector exit. The underexpanded jet accelerates out of the

nozzle and rapidly bends toward the downstream direction. A system of shock waves, consisting

of a barrel shock and a Mach disk, is generated in the injectant plume. Several types of vortices

also develop in the injectant fluid. First, a system of vortices forms around the periphery of the
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jet plume. These eddies, hereafter referred to as shear layer vortices, begin to develop

immediately as the jet fluid exits the nozzle. 1 0 They contribute to the mixing that occurs

between the jet and crossflow as they actively entrain freestream fluid and enhance the interfacial

strain until length scales reach the Kolmogorov scale (XK) given by 1

= 45,,/Re'l 4  (2)

where 50 is the shear layer vorticity thickness and Re5 is the local Reynolds number based on 50

and the velocity difference across the shear layer. The mixing layer compressibility level has

already been found to significantly affect the convection characteristics of these vortices in the

near-field. 12 The second dominani vortex structure that develops in the jet fluid is the counte c-

rotating streamwise-oriented vortex pair. Similar to those observed in incompressible jets in

crossflow, 13' 14 these eddies contribute to the engulfment of freestream fluid into the jet. A thi-d

vortex motion in the transverse injection flowfield, the wake vortex system, was first identified n

a study of an incompressible case. 13 These vortices have been observed in compressibie

injection flowfields, though their roles in the mixing process remain uncertain. 15-17

The objective of the present paper is to study the effects of compressibility on the neaL-

field development in the flowfield created by sonic transverse injection through a circular nozzle

into a supersonic crossflow. Cases that use air and helium as the injectant gas are studied: these

choices allow a wide compressibility range to be investigated. The focus of this work is on the

large-scale turbulent structures, along with the mixing and spreading characteristics of these two

injection cases. A model of the near-field region is presented whereby an estimate of the mixing

layer compressibility level is made. Ensembles of instantaneous two-dimensional images

obtained using planar Rayleigh/Mie scattering are extensively analyzed resulting in transverse

penetration and lateral spreading characteristics, standard deviation statistics. large-scale mixing

information, and spatial correlation fields. The penetration and spreading data give quantitative

representations of the ensemble-averaged flowfield. Standard deviation statistics indicate

regions of large-scale fluctuation and reveal the developmental characteristics of these mixing
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zones. Analyses of these statistical results yield important inferences regarding the freestream

entrainment occurring in the two injection cases. Finally, spatial correlation maps provide

detailed examinations of the large-scale vortex development within the shear layer.

II EXPERIMENTAL FACILITY AND DIAGNOSTIC TECHNIQUE

The experiments documented herein were conducted in a supersonic research facility

located at Wright-Patterson Air Force Base, Ohio. A continuous source of up to 15.4 kg/s of air

at a maximum pressure of 5.27 MPa and a maximum temperature of 922 K is available. This air

flows through a large settling chamber (fitted with pressure and temperature sensors for

measurements of freestream stagnation condi-ions) into a planar, two-dimensional, variable

Mach number nozzle section. For the present study, this section housed a pair of nozzle blocks

designed to produce a nominal freestream Mach number of 2. The 131 mm by 152 mm constant

area test section holds two side wall windows and one top wall window for optical access to the

flowfield. The circular injector mounts directly into the bottom wall of the test section. This

nozzle has an exit diameter of 6.35 mm and exhausts normal to the crossflow. A pressure tap

placed at the injector nozzle exit and a thermocouple placed in the injectant supply line provide

measurements of th& jet flow conditions. Finally, the turbulent boundary layer approaching the

injector nozzle is approximately one jet diameter thick at the injection location (determined using

a boundary layer rake). 1 Figure 2 illustrates the experimental facility; a more detailed

description of the supersonic tunnel, its calibration, and its supporting equipment may be found

elsewhere. 18

Mie or Rayleigh scattering imaging techniques rely on the collection of light scattered by

particles and/or molecules suspended in the flowfield of interest. A thin laser sheet, with a pulse

duration short enough to freeze the flow, illuminates the particle-laden flowfield. The pixel array

of an intensified charge coupled device (ICCD) camera obtains a digital image of the flowfield

by collecting the scattered light. The resulting image contains intensity information where high

intensities correspond to particle-containing regions. This information is directly related to
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seeded fluid concentration if the particles used for scattering are passive participants in the

mixing process. Non-passive seed can also produce concentration information if the local

thermodynamic conditions are accurately modeled. However, in either case, the mixing

information obtained is only spatially resolvable down to the scale of the imaging pixels. Due to

the finite thickness of the laser sheet, the pixel array yields an averaged intensity over a pixel

volume defined by the pixel area and the sheet thickness. When compared to the Kolmogorov

scale (Eq. 2) of the high Reynolds number flowfields encountered in supersonic mixing

investigations, the probe volume is quite large, making it impossibie to determine whether fluid

is molecularly mixed or simply macroscopically stirred. Thus, mixing interpretations are limited

to those involving large-scale stirring of the fluids. 11,19

Two optical arrangements provided the means by which the flowfield was interrogated.

Schematics of the equipment appear in Fig. 3. A frequency doubled Spectra Physics Quanta-Ray

DCR-4 Nd:YAG laser provided the laser energy (-400 mJ/pulse at 532 nm). A combination of

mirrors, ?risms, and lenses produced the collimated laser sheet used for illumrn.ating the injection

flowfielu. For end view images, the sheet entered the test section through one side window,

while in the side view images the sheet entered through the top window. The laser sheet had a

thickness of roughly 200 gm at the long focal waist and a width of approximately 50 mm. A

Princeton Instruments image acquisition system and ICCD camera (water cooled and nitrogen

purged, 384 x 576 pixel array), fitted with a Nikon UV-Nikkor 105 mm f/4.5 telephoto lens.

captured the flowfield images. The laser flash lamp and the camera were synchronized using a

Princeton Instruments pulse generator, and a 486-based computer running the CSMA image

acquisition software collected the images. Image processing and analysis were done using the

acquisition computer and a Power Macintosh.

Accurate interpretations of the digital images depend directly on the ability of the seed

particles to rapidly adjust to the turbulent fluctuations encountered in the flowfield. For accurate

Mie scattering images, Samimy and Lele 20 found that particle response must be characterized by

a Stokes number (defined as the ratio of the particle response time scale to the characteristic fluid
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dynamic time scale) of less than 0.5. Melling's 21 drag law provides the particle response time

scale while the large-eddy rollover time gives an estimate of the fluid dynamic time scale.

Seeding for the present experiments was accomplished by injecting silane (SiH 4 ) into the

freestream air resulting in a reaction whereby silicon dioxide (SiO 2) particles were formed. In

lean reactions silane bums with oxygen to form primarily solid silicon dioxide and water.22 The

silicon dioxide particles were characterized as being -0.2 pi in diameter. 23 The physical

properties of Si0 2 and the tunnel operating conditions yield a Stokes number of approximately

0.09. Seeding with SiO2 alone did not produce acceptable data quality in all of the images; thus,

the facility was operated at ambient temperatures such that the SiO 2 particles acted as nucleation

sites for the naturally occurring water vapor in the freestream air. Rotating the polarization of

the incident laser light showed that the SiO 2/ice particles were in the Rayleigh scattering regime

and had a maximum Stokes number of 0.38.12,16 Comparing these results to Samimy and

Lele's 20 Stokes nimber criterion indicates that the SiO2/ice particles accurat-ly follow the large-

scale turbulent flitctuations encountered within this flowfield. It is important to note that, due to

the presence of water vapor and the varying thermodynamic conditions throughout the jet

interaction, this study yields no direct measurements of injectant concentration.

III RESULTS AND DISCUSSION

Flow conditions for the two cases studied in this investigation appear in Table I. These

are denoted CA and CH for injection of air and helium through the circular nozzle, respectively.

Included in this table are pertinent freestream and jet exit flow conditions including the jet-to-

freestream momentum flux ratio (J), which is the main parameter governing the jet's transverse

penetration into the crossflow. 24 This parameter is given by the following expression:

= (PU2 ) (pU2)jfreestream = ( ]PM2 )jet/(PM2) freestream (3)

Also included in the table are the parameters characteristic of the mixing layer formed between

the two streams, including the velocity ratio (r), density ratio (s), local Reynolds number (Re5),
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and convective Mach number. The following subsection details the calculations used for

estimating these parameters at a single point within the mixing layer. It is worth noting here that

the two cases have essentially the same momentum flux ratio while the mixing layer convective

Mach number of case CH is approximately three times that of case CA. Thus, based on previous

jet penetration studies, 2 4 the two jets examined here should have comparable transverse

penetrations into the crossflow. However, the large-scale vortices and mixing characteristics are

expected to be influenced by the stark difference in compressibility level of the peripheral mixing

layer. The other tabulated mixing layer parameters likely play roles in its development,

although, as mentioned in section I, the effects of compressibility are expected to be the

dominant influences on the stability anl structural characteristics of the mixing layer formed in

the transverse injection flowfield. Following the presentation of the convective Mach number

model, the planar imaging results are presented and discussed. These are broken into two main

subsections corresponding to end and side view results. Within each subsection, the

instantaneous images are presented along with the various statistical results obtained.

A. Convective Mach number model

Compressibility is an important issue to address. as this property has been shown to

strongly affect the behavior of turbulent shear layers. In the classic constant pressure shear layer

formed between two parallel uniform freestreams, compressibility effects are often correlated

using the convective Mach number (Eq. 1). Several fluid dynamic features serve to complicate

the determination of this parameter in the present flowfield. Unlike the simple two-dimensional

shear layer, the transverse injection flowfield is highly three-dimensional. The bow shock

upstream of the injector alters the properties of the crossflow fluid so that uniform conditions no

longer exist around the mixing layer. Injectant fluid expands to unknown supersonic velocities

as it enters the crossflow and rapidly decelerates across the Mach disk. Due to this combination

of accelerating and/or decelerating constituent fluids and variable thermodynamic properties. M,
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is difficult to predict and, presumably, not constant as the mixing layer develops. The following

analysis attempts to quantify the compressibility level at a single point in the mixing layer.

Figure 4 presents an idealized schematic of the injection flowfield at the spanwise

centerline. The point labeled A is the location at which the convective Mach number is to be

found. As shown in the sketch, the two streams that form the mixing layer have velocities U1

(injectant fluid) and U2 (freestream fluid). The eddies in the mixing layer at point A are assumed

to convect with a velocity Uc at an angle parallel to the two constituent streams. Neither U1 nor

U-, is known explicitly; thus, additional assumptions are required to allow determination of the

properties of the freestream fluid above and injeczant fluid below point A.

For the injectant fluid, knowledge of the Mach number just upstream of the Mach disk

(M 1) is required. Knowing the value of M I immediately before the Mach disk permits the use of

the normal shock and isentropic relations to determine the pressure downstream of the Mach disk

(PI'). Combining these relations produces

PI' = 2y)jM'V/-('j -I)1 .Po..i (4)

and. for given freestream conditions (i.e., Po.o and Mo,), the pressure ratio pI/p•, is found using

Pi' ( 2 _Mf(','- I -[1 ,ýP~

Clearly. a prescribed value for this pressure ratio combined with known injectant and freestream

stagnation conditions and the freestream Mach number leads to the calculation of the Mach

number upstream of the Mach disk using Eq. 5. The value of M1 then permits calculation of the

pertinent properties in the injectant fluid near point A using the isentropic relations. Thus, given

the injectant and freestream stagnation conditions and the freestream Mach number, the

properties of the injectant fluid below point A are fully prescribed by assuming a value for
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pl'/po.o In another study of circular injection into a supersonic crossflow, the Mach number just

upstream of the Mach disk was measured.25 For the conditions of that experiment, (i.e., Y =j

= 1.4, M1 = 2.66, Poj = 476 kPa, M,, = 1.6, and Po,co = 241 kPa), Eq. 5 yields a pressure ratio

pl'/Po. = 3.1. Since the freestream and injectant conditions of the current investigation are

significantly different than those of Santiago's, 25 there is no reason to expect that this ratio

should hold in the present cases. However, for these calculations, a range of pressure ratios was

used to determine the sensitivity of pjl'/p. on Mc.

For the freestream fluid above point A, the oblique shock relations may be used to

determine the flow turning angle and fluid dynamic properties downstream of the bow shock at a

prescribec shock angle. Thus, the shock angle was allowed to vary ,etween 90' (i.e., a normal

shock) and the Mach angle. The question as to which shock angle yields the appropriate

freestream velocity remains. The double-pulsed imaging experiments of Gruber, et al.' 2 guide

this choice, since they provide the inclination angle with which the large-scale structures convect

()). It was. assumed earlier that the upper and lower freestream velocity vectors are parallel to

the large-scale convection velocity near point A. Thus, the bow shock angle that results in a

turning angle equal to 0 was used to determine the freestream fluid properties above point A.

Having determined the velocities and all the relevant properties of the constituent streams

near point A, the large-scale convection velocity must be calculated to determine M,. In the

convective reference frame (Fig. 4), there is a saddle point between two consecutive structures.

This point is a stagnation point for both constituent streams so that the total pressures of the

streams at this point must be equal.! Assuming that the static pressures of the streams are locally

equal, the following expression must then hold:

I+ /I U _' Uc )2l + '2 -1 (Uc 2 ) ]2 (6)2 al 2 a-)

Using Eq. 6 to compute U. then permits solving Eq. 1 for either Mc I or Mc2 at point A.
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Results obtained using this procedure are presented in Fig. 5. The point of interest was

chosen at a streamwise position of roughly x/d = 1.5. Figure 5a contains the variation in tlhe

maximum Mach number upstream of the Mach disk, as a function of the pressure ratio pl,/p,,,

for cases CA and CH. This plot indicates, as expected, a moderate dependence of MI on this

pressure ratio. However, the convective Mach number data shown in Fig. 5b indicate a

comparatively weak dependence on the assumed pressure ratio. Despite the slight variation over

the selected pressure range, the clear observation from Fig. 5b is that a significant difference

exists in the compressibiliry level associated with the two mixing layers in the air and helium

injectionflowtfields. Ii; fact, the convective Mach number of the mixing layer forr,m.ed in case CH

is roughly three times that of case CA at the selected point. Thus, the structurAl and stability

characteristics associated with the shear layers for the two cases are expectrd to be quite

different. To determine the accuracy of the above analysis, the computed convec dion velocities

were compared to exp..rimental results from a separate study.12 Good agreemen" was observed

in each case (generallN within 10-20%). Note that the mixing layer parameters listed in Table I

are found using p I'/p,, = 3.0.

B. End view imaging results

Visualizing the jet/freestream interaction from the end provides a cross-sectional look at

the flow such as that illustrated in Fig. 1. Moving the image plane in the direction of the

freestream flow makes it possible to build an understanding of the near-field development. In

these images. pixel dimensions were (Ax, Ay, Az) = (200 jim, 90.7 gim, 90.7 gim). Each end view

image displayed in this section covers about 6.4 diameters (40.6 mm) in the spanwise (z)

direction and 5.4 diameters (34.3 mm) in the transverse (y) direction. The flow direction in all

the images is out of the paper. The image gray scales were reversed to highlight the

jet/freestream interface yielding images where pure seeded crossflow fluid appears black while

pure unseeded jet fluid appears white. These images have been stretched in the spanwise

direction to preserve the aspect ratio of the pixel array.
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Instantaneous images provide a great deal of information regarding the structure of the

flowfield and the characteristics of the jet. Ensemble-averaged results obtained from statistically

analyzing the instantaneous images include the lateral jet spread and the plume area. Finally,

analyses of standard deviations provide substantial information concerning the fluctuations in

this flowfield. These images offer an understanding of where the large-scale mixing regions

form and the differences encountered between the two compressibility cases examined. Shock

reflections off of the wind tunnel walls were not observed in the region upstream of

approximately x/d = 20 in this flowfield; it is therefore expected that the penetration and mixing

characteristics observed throughout the jet/ffeestream interaction are free from such effects.

1. Instantaneous images

Instantaneous end view images of case CA obtained from streamwise locations at x/d = 0,

4, and 8 appear in Fig. 6a. The first image in the figure clearly shows the bow shock and

illustrates the three-dimensional nature of th.2 flow by showing the intersection of the bow shock

with the separation shock at the left side of the image. The change in signal level across the bow

shock is due to the increased density across the sharp discontinuity. Greater changes in signal

level from the level in the approaching freestream occur for increasing shock strength.

Prominent features in this image are the large-scale eddies that form in the interfacial region

between the jet and freestream. The larger eddies reside at the upper edge of the jet while the

sides contain predominantly smaller structures. As the image plane moves downstream. the

vortical structure of the jet becomes quite apparent. Large- and small-scale vortices appear

regularly throughout the image at x/d = 4. Evidence of the counter-rotating vortex pair emerges

now as the jet elevates entirely above the test section bottom wall (ensemble-averaged images

illustrate these vortex structures more clearly but were not included due to space limitations).

Large extrusions from the jet fluid into the freestream are captured; these features increase the

interfacial surface area and perimeter of the jet fluid thereby increasing the potential for diffusion

of freestream fluid across the strained interface. Farther downstream. the jet becomes severely
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broken and highly convoluted. Increased intermediate gray levels observed at x/d = 8 indicate

mixing between the jet and freestream fluids, although some areas of nearly pure jet fluid remain

near the jet core.

The circular injector fueled with helium (case CH) produces a flowfield with some

interesting differences compared to case CA. Figure 6b presents instantaneous images for this

case taken from each of the aforementioned streamwise image planes. Features found at x/d = 0

are similar to those shown in Fig. 6a for case CA. In- particular, the large-scale structures at the

upper edge of the interaction remain prominent with smaller eddies located at the sides of the jet.

However, as the image plane moves downstream, the helium jet appears to remain more coherent

than the air jet. Figure 6b shows the image from tt-e second streamwise position (i.e., x/d = 4)

where the counter-rotating vortex pair becomes clear as freestream fluid fills the void created

between the vortices. The interfacial structure in this image is less broken than in case CA and

small-scale eddies are more frequent than large-scale extrusions. Thus, the increased

compressibility level of the helium jet seems to strongly affect its structural characteristics.

Farther downstream, these observations prevail as the imaged region contains sharper gradients

between the jet and freestream fluids than were found in case CA (the gradients were computed

bv normalizing the images by an average signal level from the freestream and analyzing them

using an image processing software package). The interface appears highly broken and

populated with small-scale mushroom-shaped eddies.

From this examination of the instantaneous images of the two injection cases, it appears

that the compressibility level strongly affects the large-scale shear layer vortices that form

around the periphery of the injectant plume. It is also apparent that the entrainment

characteristics of the two cases are somewhat different since the jet in case CH appears to remain

more coherent over the same spatial development length as the jet in case CA.

127



2. Ensemble-averaged results

The ensembles of instantaneous images (20 images at x/d = 0 and 8, 100 images at x/d =

4 and 10) were corrected for background reflections and nonuniformities in both the laser sheet

and camera response using the technique outlined by Long.26 The corrected images were then

ensemble-averaged. The edge of the injectant plume was identified using an arbitrary intensity

value as a threshold corresponding to 90% of the intensity in the freestream fluid just

downstream of the bow shock. Similar to the velocity thickness commonly used in studies of

mixing layers, this definition has been shown to accurately identify the edge of the jet.27

Applying this definition to the ensemble-averaged images yields an average jet boundary. The

lateral extent (i.e., spanwise) of this boundary, defined as the lateral spread of the jet plume, and

the area enclosed within this boundary are used in the following analysis.

Figure: 7a presents the lateral spreading results where the data are normalized by the

injector diameter. Both cases have about the same absolute spanwise spread at x/d = 0 and 4.

Beyond this .:cation, the spreading trends indicate some lateral contraction occurring. Case CH

contracts at a slower rate on average than case CA, implying that the two injectant gases mix

with the freestream air differently. These results suggest that mixing in the helium injection

flowfields (high Mc) is slower than mixing in the air injection cases (low Me). Presumably,

contours obtained farther downstream would show sharp contraction trends in the helium

injection cases as well. More description of this contraction phenomenon will be given below.

The areas enclosed by the 90% intensity contours give further indications regarding the

large-scale mixing present. This enclosed area should be thought of as an effective area of

unmixed fluid rather than the physical extent of the jet itself. Physically, the area enclosed by the

90% contour becomes smaller as the number of scattering particles (i.e., the amount of

freestream fluid) in the jet region increases since pure injectant fluid has a scattering intensity

value of zero while pure freestream fluid has a value of unity. Figure 7b presents results for the

areas enclosed by the jet boundary (Ago) normalized by the injector exit area at each streamwise

position. The data in the plot indicate two separate trends. Case CA shows increasing areas up
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to approximately x/d = 4. After this position, the area ratio decreases monotonically. The trend

for helium injection is quite different in that the area ratio data continue increasing until x/d = 8.

The sharp reduction in area observed for air injection beyond x/d = 4 suggests the increased

presence of freestream fluid in the jet region. On the other hand, the fact that the helium contour

does not experience the same decreasing trend in area within the present measurement domain

suggests that freestream fluid is not as prominent within the jet region for that case. Based on the

observations from the instantaneous images and the trends produced from the lateral spread and

area ratio analyses, the low Mc case (air) seems to result in better large-scale entrainment than

does the high Mc case (helium).

3. Standard deviation analysis

By examining the image standard deviation, more insight can be gained into the location,

formation, and development of regions of fluctuating fluid. These regions are important to

examine in turbulent, compressible flowfields since they govern how effectively and rapidly the

two fluids mix. The images shown here have been rescaled and normalized using

aormi.j = 1l - 0-i-i /U- (7)

such that the intensity values range from anorm = 0 in the freestream and jet core regions to

values approaching Gnorr = I in the intensely fluctuating shear layers. Note that in Eq. 7, cai. is

the standard deviation at a given pixel location and U.. is the average standard deviation in the

freestream fluid. As with the ensemble-averaged results presented above, either 20 or 100

images were used in the calculation of the standard deviation.

The normalized standard deviation images from case CA appear in Fig. 8a. At x/d = 0,

several details are worth notin2. First, the bow shock fluctuates slightly in response to the large-

scale shear layer vortices. Second, the shear layer around the periphery of the jet is clearly

observed. Third, the jet core and the crossflow are black indicating essentially undisturbed fluid.

Moving downstream to xld = 4, the region of fluctuating fluid grows substantially on both the
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sides and the top of the jet. Note the region between the two counter-rotating vortices near the

bottom wall where significant fluctuations appear. Also note that the central cores of the two

counter-rotating vortices remain relatively devoid of fluctuating fluid compared to the region

surrounding them. Thus, some regions of "unmixed" fluid (in terms of turbulent fluctuations)

still exist within the jet core. Continuing downstream to x/d = 8, similar characteristics are

observed, although the spatial extent of the fluctuating fluid continues to increase.

Normalized standard deviation images from case CH appear in Fig. 8b. The image

computed for x/d = 0 contains several features common to the corresponding image from case

CA, including the slight fluctuation in the bow shock position and the essentially unfluctuating

nature of the freestream and jet core. In cont. ast, however, the fluctuations in the position of the

bow shock are not as large and the peripheral mixing region is thinner. The spanwise extent of

this region also appears reduced compared to that shown inFig. 8a. At x/d = 4, the region of

highest fluctuations around the periphery of the jet again appears thinner than its counterpart in

case CA. This is due to the higher convective Mach number (and higher compressibility level) in

case CH. This image also suggests that the jet core occupies a larger area in the central region of

the jet as compared to case CA. Features in the image at xid = 8 appear qualitatively similar to

those at x/d = 4 although the jet core disintegrates with increasing streamwise distance.

An arbitrary intensity contour (here Oynorm = 0.30) was selected in the normalized images

in order to give an accurate representation of the region containing fluctuating fluid. This region.

can be thought of as an active mixing zone. Within this contour either large- or small-scale

mixing of the two fluids occurs. Large-scale mixing involves the active entrainment of fluid

from the crossflow, thereby initiating the turbulent energy cascade and giving the two fluids the

potential to become molecularly mixed. Small-scale mixing, on the other hand, involves the

diffusion of the fluids into one another at scales smaller than the discernible pixel resolution.

Thus, the contours obtained from this analysis can be used to describe the "mixing potential" of a

particular injection scheme, since they essentially enclose the entire mixing region.
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Figure 9a shows the area ratio RG, defined as the area enclosed within the anorm = 0.30

contour (Ay) divided by the area inside the 90% contour computed from the ensemble-averaged

images (Ag0 ). Values of Ra near unity indicate that the mixing zone area is of the same size as

the area enclosed by the penetration contour at a given streamwise position, while values greater

than unity indicate that the mixing zone has grown beyond the bounds of the penetration contour.

The curves in Fig. 9a show both cases with approximately the same value of R0 at x/d = 0.

Downstream of this location, the curves separate with case CA increasing to values of

approximately RG = 1.5 by x/d = 4 while case CH reaches values near Ra = 1.2. Beyond this

streamwise position, the two curves depart from each other more dramatically, with the air

injection results continually above those for helium inj-ction. Eventually, by x/d =10, the area

ratio from case CA reaches a level of roughly Rg = 3.0 while case CH achieves Rg = 2.0. These

data provide further indications that the low compressibility air injection case has better

entrainment characteristics than case CH for which Mc is significantly larger.

To further quantify the mixing potential of the two cases studied here, another geometric

analysis of the 30% contours was undertaken. Large-scale eddies that form in the shear layer

entrain freestream fluid and enhance the volume of fluid within the mixing zone, along with both

the interfacial surface area and perimeter between the two streams. The mixing zone cross-

sectional area (Au) and perimeter (P) computed from the anorm = 0.30 contours permit an

analysis involving a shape parameter (S), defined by28

S= P/(2:rro) where r, =- /r. (8)

This parameter describes the relationship between the perimeter of the mixing zone and that of a

perfectly circular contour of radius ro whose area is A0 . If the contour of interest were a circle,

the value of S produced would therefore be unity. The perfectly circular contour also leads to a

minimum value of the shape parameter defined above. Thus, contours yielding shape parameters

greater than unity have greater large-scale mixing potential than those having values of S near

unity by virtue of an increased mixing area and the presence of large-scale structures that
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enhance the perimeter of the mixing zone. Small-scale mixing does occur inside these contours

along with large-scale entrainment. However, as small-scale effects increase, the fluctuations

diffuse and become more uniform causing the values of S to tend toward unity.

Figure 9b illustrates the shape parameter data for each case. The two curves have similar

characteristics in that a sharp decay is experienced in the far-field (between x/d = 8 and 10). The

plateau region occurs at or above a value of approximately S = 3.0 in the near-field region,

suggesting that the near-field contours are highly convoluted when compared to a perfect circle.

The sharp decay downstream of x/d = 8 indicates that the contours tend to become more circular

in the far-field ndixing region. Thus, large-scale entrainment appears more prominent in the near-

field regions of tIiese injection flowfields. Glawe, et al.2 8 indicate that the c- mbination of a large

shape parameter and a large mixing zone area is desired for favorable large-scale mixing

characteristics. On the basis of this observation and the data presented in Fig. 9, the air injection

flowfield result,. in better large-scale mixing characteristics over the range of study than the

helium case b, virtue of its larger area ratio. This analysis sugg( sts that increasing

compressibility Adversely affects the mixing potential and entrainment in transverse injection

flowfields upstream of ten injector diameters.

C. Side view imaging results

Side view images were also obtained for the two injection flowfields. The pixel

dimensions in these images were (Ax, Ay, Az) = (87.6 jim, 87.6 gim. 200 jim), and each side view

image displayed covers roughly 5.6 diameters (35.6 mm) in the streamwise (x) direction and 5.3

diameters (33.7 mm) in the transverse (y) direction. Ensembles of temporally uncorrelated

images were acquired from two adjacent streamwise imaging planes (100 images each)

positioned at the spanwise centerline of the jet (i.e., z/d = 0) so that a wide field of view could be

examined. The flow direction in all the images is from left to right, and the gray scale palette

shows pure seeded fluid (crossflow) as black and pure unseeded fluid (injectant) as white.
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Instantaneous images provide information about the flowfield structure, with particular

emphasis on the large-scale eddies that form at the interface between the jet and crossflow. The

transverse penetration of the jets results from examining the ensemble-averaged images, while a

standard deviation analysis provides information concerning the turbulent fluctuations. These

images reveal further details about the behavior of the wake and upper edge mixing layer, as well

as the spatial extent of the undisturbed jet core. Finally, two-dimensional spatial correlations of

the intensity fluctuations were computed at various positions within the images, providing

quantitative measures of the large structure size, shape, and orientation.

1. Instantaneous images

Figure 10a shows select instantaneous images of case CA. Several observations can be

made from them. First, the upstream image captures the bow and separation shocks ahead of the

jet exit. Secondly, the jet/freestream interface demands attention since it is inundated witl vortex

structures that form rapidly as the jet fluid enters the freestream. As the jet bends dow'..stream

due to the momentum of the crossflow, these eddies grow, interact with each other, and

apparently entrain large quantities of freestream fluid. Discernible braiding regions form

between consecutive pairs of large-scale structures. These regions, which appear in slightly

different forms in classic planar shear layers, highlight the role of large-scale eddies in the

engulfment process where the large. well-pronounced structures strain the interface between

them and then wrap freestream fluid into their cores. Such interfacial strain leads to locally steep

concentration gradients and molecular diffusion across the interface. As other investigations of

transverse injection into low speed and supersonic crossflows have suggested,15,27,29 the

predominant roll-up direction of the eddies in these images is into the freestream fluid (i.e.,

counter-clockwise). This implies that the jet fluid tangent to the interface moves with a higher

velocity than the adjacent freestream fluid. Santiago25 confirmed this observation with an

extensive study of the velocity field around a transverse sonic jet injected into a supersonic

crossflow using laser Doppler velocimetry. The large-scale vortex motions appear highly
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diffused in the downstream portions of the flowfield. Downstream of x/d = 5, the jet core region

breaks up resulting in increased gray areas, and some evidence of wake vortex structures appear.

Case CH produces significantly different structure sizes and shapes compared to case CA.

The instantaneous images shown in Fig. 10b provide evidence of the influence of compressibility

on the large-scale vortices. The structures in case CH are flatter and more amorphous than those

of case CA. Also, the braid regions are not nearly as well pronounced suggesting less freestream

engulfment in case CH as compared to case CA. Small-scale eddies appear to be more common

along the interface as they ride with the larger motions that predominantly roll-up into the

ffeestream fluid. Consistent with the end views (Fig. 6), the eddies in case CH diffuse more

slowly in the downstream regions compared to -ase CA. White regions, indicating relatively

pure jet fluid, persist even at the farthest downstream location in Fig. 10b. Structures present

between the wall and the jet suggest the presence of wake vortices in this flowfield.

2. Ensemble-averaged results

The results of analyzing the corrected, averaged side view images for jet penetration

appear in Fig. I la. An ensemble of 100 images was used for this analysis. The intensity of the

jet boundary presented corresponds to 90% of the average freestream intensity behind the bow

shock. Keffer and Baines 30 found that the penetration data obtained from a low speed jet in

crossflow collapsed to a single curve in the near-field region when the coordinate axes were

scaled by J-1 for several values of the jet-to-freestream momentum flux ratio. Results of a recent

study examining helium injection into a supersonic crossflow at various values of J confirmed

these results in the region near the injector orifice. 27 The data in Fig. I la reflect this scaling.

The transverse penetration data from cases CA and CH collapse very well in the near-

field region when the inverse J scaling is used. In Fig. I la. circular symbols show the average

upper boundary for case CA while square symbols indicate the average upper boundary for case

CH. A power law curve fit resulted in the following correlation:
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y/(d. J) = L 20[(x + r)/(d. J)] 0.344 (9)

In this correlation, the origin of the penetration boundary is shifted to the upstream edge of the

injector orifice using the radius (r) of the circular nozzle. This expression fits the experimental

data with a correlation coefficient of approximately 98%. Clearly, this equation can only be

applied in the near-field region since it predicts the transverse penetration tending toward infinite

levels as the streamwise position moves far downstream. Comparisons of three recent

correlations for the transverse penetration of jet injected into a supersonic crossflow appear in

Fig. 1 lb. McDaniel and Graves 31 used planar laser-induced iodine fluorescence to obtain their

penetration curve, while Rothstein 32 relied on planar laser-induced fluorescence of OH in a

reacting flowfield. Clearly, the results of the present investigation fall well within the bounds of

the other experimental data shown.

'. Standard deviation analysis

The utility of standard deviation statistics was demonstrated in the end view analysis

presented earlier. In a similar way, the intensity standard cieviations from the side view images

provide more insight into the location, formation, and development of regions of fluctuating

fluid. The interfacial region between the jet and freestream fluids may be examined in more

detail. The shear layer formed in this region can fluctuate intensely and has been shown in the

preceding material to be a prime contributor to the freestream entrainment process. The extent of

the undisturbed jet core can be identified in terms of streamwise position, and the fluctuations

within the wake region downstream of the injector can also be examined. The images and

profiles shown here were normalized in an identical manner as those from the end views (i.e.,

Unorm = 0 in the freestream and jet core regions and Unorm = I in the fluctuating shear layers).

The standard deviation images from case CA appear in Fig. 12a. As with the ensemble-

averaged results presented above, 100 instantaneous images were used to compute the standard

deviations shown. The upstream image in Fig. 12a illustrates the fluctuation in the bow shock

position. As in the end view image from x/d = 0 (Fig. 8a), the intermittent large-scale eddies
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formed at the upper edge of the jet boundary influence the shock's position.1 0 More intense

fluctuations of the bow shock position are localized near the mixing layer where the large-scale

eddies form. Farther out in the freestream, the shock fluctuations diminish in intensity. The

most prominent feature observed in this image is the mixing layer that develops from the

upstream edge of the injector orifice. This mixing region grows rapidly as the jet bends due to

the oncoming crossflow. Other features visible in the left image include the freestream and jet

core regions which contain relatively low intensity fluctuation levels. The jet core exists until

approximately x/d = 6, where the fluctuations of the mixing layer and wake coalesce. Beyond

this position, the entire jet region contains fluctuating fluid. This is consistent with the end view

images which show .he jet core becoming indistinct between x/d = 4 and 8.

Transverse intensity profiles taken from the normalized standard deviation images allow

closer inspection of the mixing layer, core, and wake in terms of the re-'ative levels of

fluctuations present. Figure 12b illustrates several of these profiles obtainec' from case CA.

Dotted lines in the plot indicate locations where the normalized standard deviations reach values

of unity as indicated by the scale shown on the plot's upper axis. Also included in the plot is a

dashed line that represents the penetration correlation given above in Eq. 9. Downstream of

about x/d = 1, the bow shock fluctuations, indicated by the peak in the fluctuations at large y/d,

no longer appear in the profiles, leaving only the fluctuating shear layer, the jet core. and the

growing wake region near the bottom wall. Downstream of about x/d = 6, the influence of the jet

core disappears, leaving only a slight depression in the profiles that are otherwise dominated by

the mixing layer and wake. It should also be noted that the normalized fluctuation levels within

the upper edge shear layer decrease with streamwise position downstream of x/d = 5. However,

the mixing layer continues to grow up to the final position shown at x/d = 8. Interestingly, the

peak values of normalized standard deviation generally fall well below the average penetration

boundary of the jet. This indicates that the regions of high fluctuations in the upper shear layer

occur near the jet core and that freestream fluid is entrained well into the jet region for case CA.
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The two normalized standard deviation images computed for case CH appear in Fig. 13a.

Three main features demonstrate appreciable fluctuations in these images: the bow shock, the

upper edge mixing layer, and the wake region developing near the injector wall. The images

from case CH contain several noticeable differences when compared to the results shown in Fig.

12a for case CA. First, the fluctuation of the bow shock in the helium injection case appears less

intense than in case CA, as suggested by its darker color. As noted in the instantaneous

visualizations from these two cases, the air injection flowfield (low compressibility) fostered the

development of long, well-defined large-scale structures in the upper edge mixing layer that were

separated by wide braid regi,•ns. On the other hand, the helium injection flowfield (high

compressibility) contained rel,-.i,¢ely flat eddies and narrow braid regions Thus, the bow shock

in case CA had more oscillatory disturbances acting on it than in case CH, leading !o the

observed differences in shock fluctuation levels. Secondly, the upper edge mixing layer

developing in case CH is some .vhat thinner than the corresponding feature in Fig. 13a. Bt cause

of its apparently slower growth, the upper edge shear layer in case CH remains more dist:vict in

the downstream regions of the image than in case CA. The wake region that de,,elops

downstream of the injector orifice in case CH, however, grows in a manner similar to that in Fig.

12a. As a result, the jet core remains preserved for a longer streamwise distance in case CH.

Normalized intensity profiles from case CH, shown in Fig. 13b, provide clearer evidence

of these observations. The widths of the upper edge mixing layer indicated near the injector exit

are significantly narrower than in case CA. The low intensity region between the mixing layer

and wake indicates the persistent core of the jet. Clearly, the core remains distinct as far

downstream as x/d = 8. This profile shows the peak-to-peak distance between the fluctuation

intensities in the mixing layer and the wake to be about 2.8 jet diameters, while the same distance

in the downstream profile of Fig. 12b is about 1.8 jet diameters. In addition to the wider

separation between the mixing layer and wake in case CH, the normalized intensities found

within this region are appreciably lower than in case CA, indicating slower turbulent diffusion

into the jet core. This effect is primarily due to the slower growth of the upper edge shear layer
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in the helium injection case. Also, the peak normalized intensity values within the mixing layer

of case CH occur at higher transverse positions relative to the mean penetration curve than in

case CA. This phenomenon contributes to the persistence of the jet core since the strongest

turbulent fluctuations in the shear layer remain well outside the central jet region. Thus, the

large-scale entrainment characteristics appear significantly suppressed in the high Mc case as

compared to those of the low Mc case.

4. Spatial correlation results

A wide variety of structure sizes and orientations appears in the instantaneous side view

images. To this point, the mixing layer thickness, as inferred from the standard deviation results,

has provided a comparative measure of the large-scale structure size in the two cases examined.

Another result that provides information about the behavior of the large eddies formed in the

mixing layer is the two-dimensional spatial correlation field. This property has been used to

examine the large structures in a variety of flowfields.6, 33.3 4 The form used here is given by

IN

C(Ax, Ay)= N L 1'(x, y) -l'(x + Ax, y + Ay), (10)
n=i

where the point (x, y) is the reference location about which the features are correlated.

Correlations are computed using the intensity fluctuations (I') and the two lag parameters (Ax and

Ay). For the present calculations, the correlation domain is 256 pixels wide by 256 pixels high

corresponding to a box just over 3.5 diameters (22.2 mm) on a side. Each pixel location is used

as a reference location in the calculation to avoid subjectivity. The center of the domain is

placed at one location in each instantaneous upstream and downstream image obtained from the

cases studied. For the upstream images, the center of the computational domain corresponds to a

location on the theoretical near-field penetration curve (Eq. 9). In the downstream images, the

center of the domain is placed roughly in the center of the upper edge mixing layer at a given

streamwise position. Finally, the results from the instantaneous images are averaged together
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over the entire ensemble producing an averaged correlation map of the given spatial region.

Note that the two-dimensional spatial correlation used in this way sheds no light on a structure's

three-dimensionality. However, the spatial correlation in the side view plane does provide a

measure of the average geometric features of the large-scale eddies that can be use:: for

comparison between the cases studied here. Table rU summarizes the spatial correlation results.

The ensemble-averaged correlation maps for case CA are presented in Fig. 14a. Here the

upstream and downstream contour maps are shown where the contour levels vary in increments

of 0.125 from 0.125 to unity. The 50% contour (representative of a large structure) in the left

plot. has a normalized major axis of 2a/d = 0.44. The eccentricity of the elliptical contour is S =

0.7 5 (circular contour has an F = 0), and the inclination angle with respect to the freestream flow

dircction is about a = 24*. Moving downstream, the inclination angle increases to cc = 45°. The

normalized major axis becomes shorter (2a/d = 0.33) and the 50% contour becomes more

circular (s = 0.65). Thus, the structure loses some of its coherency and rotates significantly into

the i'reestream as it convects downstream due to the mixing between the injectant and crossflow.

Ensemble-averaged results from case CH (Fig. 14b) are somewhat different. The 50%

contour in the left plot in Fig. 14b has a major axis 0.43 jet diameters long and an eccentricity of

about F = 0.67. These values suggest that the average eddy in the helium case at this streamwise

position is essentially the same size as in case CA and has a somewhat more circular shape. It is

also more inclined to the freestream flow with an inclination angle of about ac = 29*. Moving

downstream, the normalized structure size increases to about 2a/d = 0.54. The average structure

in the downstream position increases in eccentricity (F = 0.73) and in inclination angle (a = 64*).

Thus, in the high compressibility injection case, the large-scale structures rotate more as they

move downstream compared to case CA, and they grow in size. Thus, helium (i.e., high

compressibility) injection consistently provides evidence of slower diffusion and break-up of the

large-scale eddies as they move downstream than does air injection. The results of the

correlation analysis substantiate this further by showing growth of the average eddy in case CH

as it convects downstream, while the average eddy in case CA shrinks. Increasing
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compressibility diminishes the entrainment effectiveness of the large-scale shear layer eddies

leading to slower large-scale break-up.

IV SUMMARY AND CONCLUSIONS

An experimental investigation of compressibility effects in transverse injection into a

supersonic crossflow has been presented. The following conclusions are drawn:

(1) A model of the near-field of the transverse injection flowfield was used to predict the

convective Mach number of the developing mixing layer at one spatial location. It was shown

that the convective Mach number is relatively insensitive to the value of pl'/p. selected over a

range from 2 < pI/pP,. < 4. Based on this model, the convective Mach number for helium

injection in these experiments is approximately three times that of air injection.

(2) The large-scale vortices that develop at the jet/freestream interface generally roll into

the freestream indicating that the injectant fluid below the mixing layer moves faster than does

the crossflow fluid directly above it.

(3) Compressibility effects manifest themselves in the rate of contraction of the average

jet penetration contours. These.contours, obtained by applying the 90% penetration definition to

the ensemble-averaged end view images, indicate slower injectant plume contraction in the high

compressibility case compared to the low compressibility case. Since a larger penetration

contour implies less freestream entrainment at a given streamwise location, the results suggest

that injection at low Mc provides better entrainment characteristics than injection at high M,.

(4) When the streamwise and transverse positions are scaled using the jet-to-freestream

momentum flux ratio, the transverse penetration data from the ensemble-averaged side view

images collapse very well in the near-field region. Mixing layer compressibility does not

strongly affect the transverse penetration of the jet. The power law form of the penetration

correlation found in this investigation compares closely to those of other studies using different

diagnostics, lending credence to the present jet boundary definition in the near-field.
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(5) Geometric analyses of the mixing zone contours derived from the end view standard

deviation images using an area ratio and a shape factor definition provide comparisons of the

mixing potential. The area ratio results indicate that case CA (low compressibility) contained a

larger mixing zone than case CH (high compressibility). Results of the shape factor analysis

suggest that the large-scale eddies, which dominate the near-field, become less influential

downstream of x/d = 8 for both cases, yielding to small-scale turbulence. These results indicate

that the mixing potential afforded by injection at low Mc is larger than that at high M,.

(6) Normalized standard deviation profiles from the side view images indicate that the

peak fluctuations occurring in the upper edge mixing layer intrude deeper into the jet core region

in the low compressibility injectioi case than in the high compressibility injection case. Thus,

increased compressibility acts to localize the upper edge turbulent fluctuations to regions nearer

the jet boundary. This leads to pocrer freestreaxn entrainment and a more prominent jet core in

the high compressibility case. Ndrmalized standard deviation results from both views shc.w

thinner mixing layers developing in the high compressibility case. These results also show tl:i t

the upper edge mixing layer is significantly thicker than those developing on the sides of the jet

fluid irrespective of the compressibility level. Further, these results suggest that, as the jet

develops in the streamwise direction, the turbulent fluctuations located at the edges of the jet

fluid diffuse into the unfluctuating core region more rapidly in the low compressibility case.

(7) Two-dimensional spatial correlations computed from the side view images provide

information regarding the sizes and orientations of the large-scale eddies that form in the upper

edge mixing layer. Ensemble-averaged correlation maps show compressibility strongly affecting

the development of these vortices. In low Mc injection, the eddies become less organized, more

inclined to the freestream, and more circular as they propagate downstream. High Mc injection

leads to structures that grow as they convect downstream, becoming more coherent. These

eddies become more inclined to the freestream and more elliptical as they move downstream.
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TABLE I. Summary of experimental conditions.

Case CA Case CH

Yj 1.40 1.67

Mj 1.0 1.0

pj (kPa) 476 405

Uj (m/s) 317 882

Pj (kg/m 3) 6.64 0.867

Rei = (pj • Uj -dj)/gj 8.36 x 105 3.00x 105

7o 1.40 1.40

M. 1.98 1.98

p. (kPa) 41.8 41.8

U. (m/s) 516 515

p.o (kgjm 3) 0.860 0.866

Re =(p ,.U ý .)/l, (m- 1) 3.87 x 107 3.91 x 107

2.90 2.93

Mixing Layer Parameters at a Single Point (see Fig. 4)

r =UyTJ 1  0.522 0.212

s P2/Pl 5.39 29.0

Re8 =(T-AU-8)/g 1.50 x 105 4.30 x 105

M, 0.66 1.92

TABLE TI. Ensemble-averaged spatial correlation results.

Case Center Position 2a/d 2b/d E a

CA xld = 1.8, y/d = 2.9 0.44 0.29 0.75 24*

x/d = 7.0, y/d = 3.5 0.33 0.25 0.65 45'

CH x/d = 1.8, y/d = 2.9 0.43 0.32 0.67 29*

x./d = 7.0. v/d = 3.5 0.54 0.37 0.73 640
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FIGURE CAPTIONS

FIG. 1. Perspective view of the mean transverse injection flowfield.

FIG. 2. Schematic of supersonic combustion tunnel.

FIG. 3. Schematics of Rayleigh/Mie scattering optical arrangements: (a) end view; (b) side

view.

FIG. 4. Region of interest for convective Mach number calculations.

FIG. 5. Results of convective Mach number calculations using a range of pressure ratios:

(a) maximum Mach number (M l) variation; (b) convective Mach number (Mc 1) variation.

FIG. 6. Instantaneous end view images: (a) case CA; (b) case CH.

FIG. 7. End view ensemble-averaged results: (a) normalized lateral spread; (b) area ratio.

FIG. 8. End view standard deviation images: (a) case CA; (b) case CH.

FIG. 9. Results of a geometric analysis of end view standard deviation images: (a) area ratio:

(b) shape factor.

FIG. 10. Instantaneous side view images: (a) case CA; (b) case CH.

FIG. 11. Transverse penetration data: (a) present cases; (b) comparison with other correlations

atJ= 2.9.

FIG. 12. Side view standard deviation results from case CA: (a) images; (b) profiles.

FIG. 13. Side view standard deviation results from case CH: (a) images; (b) profiles.

FIG. 14. Ensemble-averaged two-dimensional spatial correlation contours: (a) case CA:

(b) case CH.
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FIG. 1. Perspective view of the mean transverse injection flowfield.
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FIG. 2. Schematic of supersonic combustion tunnel.
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FIG. 13. Side view standard deviation results from case CH: (a) images; (b) profiles.
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(a)

Upstream Image Dpwnstream Image'

(b)

Upstream Image Dpwnstream Image"

FIG. 14. Ensemble-averaged two-dimensional spatial correlation contours: (a) case CA;
(b) case CH.
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LARGE STRUCTURE CONVECTION VELOCITY MEASUREMENTS IN COMPRESSIBLE
TRANSVERSE INJECTION FLOWFIELDS

M.R. Gruber* T.H. Chen
Wright Laboratory, WL/POPT Taitech, Inc.

Wright-Patterson AFB, Ohio 45433 Beavercreek. Ohio 45440

A.S. Nejad** J.C. Dutton §
Wright Laboratory, WL/POPT Department of Mechanical and Industrial Engineering

Wright-Patterson AFB, Ohio 45433 University of Illinois at Urbana-Champaign
Urbana. Illinois 61801

Abstract Po stagnation pressure
An examination of the convection characteristics of the Re local Reynolds number

large-scale structures developing in flowfields created by tp particle response time
sonic transverse injection through circular and elliptical t8, large-eddy rollover time
nozzles into a Mach 1.98 crossflow is reported. Temporally To stagnation temperature
correlated Rayleigh/Mie scattering images taken at the u velocity
spanwise centerline of the jet/freestream interaction Uc structure convection velocity
illustrate the characteristics of the highly intermittent x, y, z Cartesian coordinates
structures residing at the interface and allow determination 8 boundary layer thickness
of both the structure convection velocity and structure 5W shear layer vorticity thickness
convection angle. Results indicate that, for a given jet-to- Ar structural displacement
freestream momentum flux ratio, both injector geometry and At laser sheet time separation
compressibility play significant roles in influencing the AU velocity difference
convection characteristics of the large eddies. High Ax streamwise pixel dimension
compressibility injection cases have dramatically larger Ay transverse pixel dimension
near-field convection velocities than their low AZ spanwise pixel dimension
compressibility counterparts. Farther downstream, as the jet e eccentricity
plume bends due to the oncoming freestream flow, the 0 structure convection angle
large-scale vortices tend to travel at velocities nearer the y specific heat ratio
freestream velocity. Injector geometry primarily affects the XK Kolmogorov length scale
near-field behavior with the elliptical nozzle producing lt dynamic viscosity
shallower convection angles and convection velocities that p density
are skewed toward the velocity of the freestream.
Apparently, the axis-switching phenomenon and the weaker Subscripts
bow shock associated with the elliptical nozzle geometry e exit
influence the structural development, resulting in the j jet
documented trends. p particle

freestream
Nomenclature 1, 2 image #I. image #2

a semi-major axis of an ellipse, speed of sound
Axs cross-sectional area Introduction
b semi-minor axis of an ellipse Mixing in compressible, turbulent shear flows is an
d diameter important issue in the areas of supersonic combustion and
deff effective injector diameter = (4Axs/7t) 1/2 jet noise. A prospective fuel injection scheme for
J jet-to-freestream momentum flux ratio hypersonic air-breathing propulsion systems involves the
Kn Knudsen number injection of a gaseous fuel jet transversely into a supersonic
Smean free path crossflow. A schematic of the time-averaged transverse
M Mach number injection flowfield appears in Fig. 1. This illustration shows
Mc convective Mach number the qualitative features of the flowfield in a plane through
p static pressure the spanwise jet centerline including the three-dimensional
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bow shock, the separation shock, the jet shock structure, and has shown that the axis-switch phenomenon persists in the

the upstream and downstream separation zones. The large- transverse injection flowfield. 7 ' 8 It is therefore expected

scale vortices that are the subject of the present investigation that some structural differences between the circular and

reside at the upper jet boundary. Key participants in the elliptical jet plumes are present in the transverse injection

mixing processes that ocdur in this flow are these large-scale cases of this study.

eddies that initiate the turbulent energy cascade which The large-scale eddies in a planar turbulent shear layer

proceeds down to the molecular scales. These large-scale have been studied recently by Bunyajitradulya and

motions are considered important because they actively Papamoschou14'15 using a two laser/single camera

entrain large quantities of one fluid into another. They also technique. The authors used planar laser-induced

enhance the interfacial strain until the length scales of the fluorescence (PLIF) of acetone to discern the mixing layer

motions reach the Kolmogorov scale1 given by structure. The temporal characteristics of the structures

'o) (1) were captured by placing two laser sheets side by side in the

Re3/ 4  flow direction and imaging the fluorescence from both

where the local Reynolds number is computed using sheets onto a single detector. Measurements of convective

0 p. (2 - velocity were obtained and compared to theoretical
Re = . (2) predictions. Results from several cases showed significant

Most planar visualization techniques only examine the deviations from theory with the measured convective

instantaneous vortex structure of the flowfield. Knowledge velocity tending toward the velocity of one of the

ofsthentanemporal dev e mentu of the ewies. proeduces freestreams. The main problem with this technique is the
of the temporal development of the eddies produces relatively long time delay (-35-65 pts) between the two laserim portant inform ation about the evolu tion Df these features s e t p l e . T i o g d l y al w h t u t r s t

incudig teirconecton harcteistcssheet pulses. This long delay allows the structures toincluding their convection characteristics.

Fric and Roshko2 conducted an experimental study change shape enough that measurements of displacement

can be somewhat arbitrary.
using the smoke-wire visualization technique to examine the Large-scale convection velocities have been measured

development of large-scale structures in the flowfield it
using Mie scattering in studies of important compressible

created by a jet injected into a low speed crossflow. Their flows. 16,17 In their studies of large-scale structures in
photos illustrate the emergence of four types of vortical expanded compressible turbulent boundary layers, Arnette,
structures near the injector including vortices that form in et al. 16 used a single laser/two camera imaging technique.

the upper edge shear layer. These eddies oriented
themselves in such a way as to roll up into the freestream Here, time delays of 15-50 gs between laser pulses were

fluid indicating that, in the region near the injector exit, the used. Less structure break-up was encountered for these

smaller delays and correlation analyses made the
intectant fluid moved with a higher velocity tangent to the measurement of displacement less arbitrary. Elliott, et al. 17
interface than the freestream fluid. Ho ftwever. to date the used similar imaging and analysis techniques to measure
convective characteristics of these features have not been convection velocities in compressible mixing layers. Their
reporteda results indicated a variation in Uc acrossthe mixing layer

where eddies on the high and low speed sides traveled faster
transverse injection into a supersonic flow are less common and slower than the theoretical convective velocity,

than for the low speed case. Recently, instantaneous planar Measured values of U at the center of the

images3 8 have revealed large-scale vortices present within respectively. c
the shear layer at the jet/freestream interface. These mixing layer agreed well with theory.

The objective of the present work is to gain a better
vortices, similar to those observed by Fric and Roshko2I inThobetvofhepsntwrisoganaetr

vortces siila tothoe oservd b Frc ad Rshk in understanding of the temporal characteristics of the large-

that their orientation suggests faster injectant fluid tangent to scaleseddies tha texist along the jtrf ei
the ntefacein he ear-et egin. apeaed o cotriute scale eddies that exist along the jet/freestream interface in

the interface in the near-jet region. appeared to contribute
the flowfields created by sonic transverse jets injected into a

significantly to the near-field mixing. Again, no special supersonic crossflow. Temporally correlated image pairs
examination of the convection characteristics of these
vortices has been undertaken to date. -_are obtained by illuminating the seeded flowfield with two

Jets developing from circular and non-circular nozzles coincident laser sheets and collecting the scattered light onto

exhibit verv different structural characteristics in both two intensified charge coupled device (ICCD) cameras, each

quiescent and co-flowing environments. 9-13 The synchronized to and gated around one of the sheets. The

laser sheets are separated by a fixed time difference so that
momentum thickness variation around the circumference of obtaining the structural displacement from one image to the

a small aspect ratio elliptical nozzle produces an asymmetric other leads directly to a measurement of the velocity with
instability leading to the development of asymmetric which the structure convects. Four cases are investigated
vortices.9-I0 The resulting spreading characteristics

using two injector geometries (circular and elliptical) fueled
associated with the major- and minor-axis planes develop by helium and air. These two injectant gases allow the

quite differently and at some point an axis-switch is
realized. 1 1.12 That is, the spread in the minor-axis plane examination of the effects of compressibility on the

overtakes the spread in the major-axis plane. Previous work convection of the large-scale interfacial structures.
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Experimental Facility The cameras were water-cooled and purged with. nitrogen to

The transverse injection experiments discussed below reduce dark current noise. A Nikon UV-Nikkor 105 mm

were performed in the supersonic research facility located at f/4.5 telephoto lens placed in front of each pixel array
Wright-Patterson Air Force Base. The details of the facility improved the resolution associated with the pixel area.

design appear elsewhere; 18' 19 the major highlights appear in Careful adjustments of the cameras using a common

the following section. transparent target led to identical imaging areas with

identical resolutions. Each camera was gated around a

Flow Facility single laser pulse so that two temporally correlated images
Figure 2 provides a schematic of the supersonic of the injector flowfield could be obtained. The time delay

research facility. A continuous supply of pressurized air between the arrival of the first and second laser sheets was
enters the inlet section of the test apparatus and flows into set using a custom built delay controller coupled with a
the settling chamber. This section houses the appropriate pulse generator. Two 486-based computers running the
flow conditioning devices including a rearward-facing CSMA image acquisition software collected the images.
perforated cone that acts as a flow spreader, an array of Further analysis of the images was performed on a Power
mesh screens, and a section of honeycomb. The air is then Macintosh and is discussed below.
accelerated in the two-dimensional nozzle section by a pair The two computer systems required a master/slave
of nozzle blocks producing a uniform Mach 1.98 freestream. relationship to ensure that each system started from the
This supersonic flow then enters the constant area test same temporal reference. A computer code written for the
section (cross section dimensions of 131 mm by 152 mm). CSMA acquisition software gave the two computers the
Several fused silica windows placed in the test section walls ability to communicate with each other through their printer
allow for non-intrusive investigations of the flowfield. ports. Once the master machine was cued to begin

For the present study, two separate injector geometries acquiring data, it was instructed by the code to wait for a
were incorporated into the removable test inserts housed ready response from the slave machine. A monostable
within the bottom wall of the test section. The details of the multivibrator chip (DM74121) provided an adjustable time
injector designs appear elsewhere; 7' 8' 20 Table I summarizes delay (from 2 to 20 see) for the two systems and their
the important geometric features of each injector including individual software programs to come to equilibrium.
the eccentricities (E), and the semi-major (a) and semi-minor Controlling the time delay between the laser sheets was
(b) axes. Also, Fig. 3 provides a schematic of the two accomplished using another DM74121 chip to open a
configurations, where the freestream flow direction is from window for firing the master laser. Since it was operated in
left to right. Each injector was placed at the same a free-running mode, the master laser fired at 10 Hz during
streamwise location to ensure that the approaching turbulent the time the window was opened (between 1 and 5 see).
boundary layer would be of the same thickness for each The first electronic pulse from the lamp of the master laser
case. At the chosen injector location, the ratio of boundary traveled through a DM7408 "and" gate to the master
layer thickness-to-effective jet diameter is 5 /deff = 1. imaging system trigger and to the delay pulse generator

(Systron Donner, Model 100C). This device was used to
Imaging System fire the slave laser and to set the desired delay between the

Figure 4 illustrates the double-pulsed imaging system two laser sheets. A LeCroy 9314L digital oscilloscope
used in these experiments. Two Spectra Physics Nd:YAG received signals from each camera system and a-photodiode
lasers (a DCR-4 and a GCR- 170) provided the two pulsed (placed behind the 50% beam splitter) allowing the temporal
laser beams required. The output of these lasers passed separation of the laser sheets to be monitored and proper
through second harmonic generators to produce vertically gating of each camera to be achieved. The first laser pulse
polarized beams of light at 532 nm (approximately from the slave laser triggered the slave imaging system
400 mJ/pulse). This allowed both beams to be combined on resulting in the collection of two temporally correlated
a 50% beam splitter optic so that a single optical train could images separated in time by the delay set on the pulse
be used to produce the two coincident laser sheets required. generator. The acquisition software was allowed to loop
A combination of mirrors, prisms, and lenses (-150 mm until the desired ensemble size had been obtained. Figure 5
cylindrical and 500 mm biconvex) produced the collimated illustrates the delay system.
laser sheets used for illuminating the transverse injection
flowfield. The sheets entered through the top window of the Seeding Issues and Technique
test section (see Fig. 4). Each laser sheet was roughly The seed particles introduced into the flowfield must
50 mm wide and about 200 9m thick at the long focal waist rapidly adjust to the turbulent fluctuations so that the
(measured using a photodiode and an oscilloscope), collected images may be accurately interpreted. It has been

Two independent camera systems were placed on found that accurate particle response for Mie scattering
opposite sides of the test section to collect the scattered images requires a Stokes number, defined as the ratio of the
light. Each imaging system was composed of a single particle response time scale to the characteristic fluid
Princeton Instruments ICCD camera (384 x 576 pixel array) dynamic time scale, of less than about 0.5.21 A Stokesian
and image acquisition system (controller model ST-130). drag law 2 2 and the large-eddy rollover time provide
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estimates of the particle response and fluid dynamic time the jet exit velocity (ue,j) and density (pej), and the
scales, respectively. These estimates are computed using convective Mach number of the upper edge shear layer
the following expressions: (Mc). Each case operates at essentially identical values of

ppd2  jet-to-freestream momentum flux ratio, which is the
tp =(I+ 2.76. Kn) P (3) dominant parameter controlling the jet's penetration into the

crossflow. '8'20,' The tabulated values of convective

and t, (4) Mach number were computed for a single point within the
AU upper edge mixing layer of the circular jet plumes. The

Maxwell's relation, given by computations are based on a simple model of the transverse

S-- 1.5 -- (5) injection flowfield 20 and the laser Doppler velocimetry data
Pa of Santiago. The values shown in Table 2 indicate

allows estimation of the mean free path and thus calculation significant compressibility differences between the air and
of the Knudsen number. helium injection flowfields.

Combustion of silane (SiH4 ) was used to produce the The various results obtained in this investigation are
particles required for obtaining images of the jet/crossflow presented in the sections to follow. First, the temporally
interaction. Silane burns with oxygen to form primarily correlated image pairs are presented. Following this is a
solid silicone dioxide (SiO,), water, and hydrogen. In lean brief description of the analysis technique used to compute
reactions (less than 30% silane), Hartman, et al.3 found that the convection characteristics of the large-scale eddies.
the reaction stoichiometry took the form Then, the resulting convection velocities and angles are

3 Sill4 + 7 02 -• 3 SiO2 + 6 H,0+ 02. (6) presented and discussed.

Rogers, et al. 24 characterized the silicone dioxide particle Temporally Correlated Image Pairs
sizes using an electron microscope and found the particles to To obtain these results, the optical and electronic
be in the 0.2 g.tm diameter range. Using the specific gravity arrangements shown in Figs. 4-5 were used to capture two
of silicone dioxide (SG 2.2) along with the expected images of the same region within the flowfield at fixed
operating conditions of the jet and freestream flows then temporal separations. Pixel dimensions in the images were
yields an estimate of the Stokes number as approximately roughly (Ax, Ay, Az) = (66.8 gm, 66.8 gm, 200 gin). Each
0.09. However, this seeding technique did not provide image displayed in this section covers roughly 5.2 effective
adequate signal levels for acceptable data quality. Thus, the diameters (33.0 mm) in the streamwise direction and 4.0
SiO 2 seeding technique was supplemented by operating the effective diameters (25.4 mm) in the transverse direction.
facility at ambient temperatures so that the naturally The freestream flow direction is from left to right while the
occurring water vapor in the freestream air condensed injectant flow enters the field of view from the lower left
around the SiO 2 particles. A separate examination of edge of the picture. Gray levels in these images were
particle size in this combined seeding arrangement using assigned so that the jet fluid appears dark while seeded
horizontally polarized laser light indicated that the particles freestream fluid appears light. Ensembles of 20 image pairs
were in the Rayleigh scattering regime. Since the incident were acquired for all four cases (C1A, C2H, E1A. and E2H)
wavelength in these experiments was 532 nm. an upper with the laser sheets positioned at the spanwise centerline of
bound on the particle diameter resulting from the combined the jet (i.e., z/deft = 0).
seeding technique is -0.5 4m yielding a Stokes number of Selected instantaneous image pairs from the four cases
-0.38. This suggests that even particles with this upper studied here appear in Figs. 6-9. A grid has been
bound diameter accurately follow the turbulent fluctuations. superimposed on the individual images so that structural

movement from the first image to the second image is more
Results and Discussion easily identified. Clearly, the two cameras produced images

The conditions of the approaching freestream air were with significantly different signal-to-noise ratios. The right
documented as follows: M., = 1.98, po,.o = 317 kPa, and hand images exhibit relatively poor definition in the very
To. o= 300-302 K. Injectant flow conditions for the four near-field of the injector exit, though structures in the
injection cases studied in this investigation appear in Table downstream portion of these images are clearer. This
2. Labeling of the cases is done as follows: air and helium problem presents a real difficulty in the analysis of the
injection through the circular nozzle are cases CIA and image pairs; the analysis technique is discussed in the next
C2H. respectively, while air and helium injection through section. Nonetheless, interfacial structural activity is
the elliptical nozzle are cases EIA and E2H. respectively, captured by each camera and the movements of the
The key parameters in Table 2 are the jet-to-freestream individual eddies can be visually tracked. Figure 6 shows
momentum flux ratio (J) given by an image pair from case CIA, where a time delay of 2 us

2" J M 2 )j was used. Three structures present in the first image are
= (7) visible in the second image. These eddies are located near

Pu 2)_ ( " pM2)) x/deff = 1.75, 2.5, and 3.0 in the first image. Notice that the
L0  • structure positioned near x/deff = 3.0 has moved
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downstream and rotated somewhat even after only 2 Its. measurement uncertainty. The following section presents
The interfacial structure in the images of case C2H, shown the results of the convection velocity analysis.
in Fig. 7, is somewhat clearer than that of case CIA. In this
case, a time delay of 1 I.ts was used. The eddies that Convection Characteristics
dominate the interface are all easily tracked from one image The ensembles of image pairs have been analyzed using
to the next allowing several convection velocity the methodology and expressions discussed above and
measurements to be made from one image pair. shown in Fig. 10. This procedure resulted in measurements

Image pairs obtained from the elliptical nozzle appear of large-scale convection velocity (Uc) and structure
in Figs. 8 and 9. The first figure shows two images from convection angle (•.) for approximately 30 instantaneous
case E1A with a laser sheet time delay of 2 its. These eddies in each case. It should be emphasized that these
images have three well-defined large-scale eddies positioned measurements are instantaneous in nature (i.e.. not
at the jet interface. Again, distinct movement of the ensemble-averaged); thus, scatter in the data is expected.
structures can be observed so that the temporal displacement although general trends may be observed. Both of the
can be easily computed. Finally, images from case E2H measured quantities are functions of the streamwise and
appear in Fig. 9. Here, a time delay of 1.2 I.ts was used and transverse positions of the individual structure; however, the
the resulting images again clearly show both interfacial results that follow are only plotted against the streamwise
structure and displacement. coordinate. This gives some indication of the behavior of

the interfacial eddies as the jet is turned downstream.
Analysis Technique Figure 1 1 presents the results of analyzing the image

As noted above, the two cameras used in this pairs of case CtA. Large-scale convection velocities appear
experimental arrangement produced images with in Fig. IfIa. This plot contains two velocity reference lines
significantly different signal-to-noise ratios rendering that indicate both the crossflow air velocity (u• = 516 m/s)
mathematical manipulation of the data using a cross- and the velocity of the sonic air jet at its exit (Uedj =
correlation technique entirely inconclusive. Thus, these 317 m/s). Also note that error bars are included on all of the
images were analyzed manually such that individual measured values of Uc. In this case, the ± I pixel
structures were tracked from one shot to the next and their uncertainty in the structure's position translates into a
positions in the streamwise and transverse directions (i.e., convection velocity measurement uncertainty of ± 47 mis.
(Xl, Yr), (x2, Y2) from images #1 and #2, respectively) were Initially, near the jet exit' (i.e., x/deff = 0), the eddies that
determined. In this tracking procedure, the position of the form at the jet/freestream interface convect with velocities
center of a particular feature was identified in each image. that are larger than the exit velocity of the jet. This
Once known, these positions yield the structure's phenomenon results from the fact that the jet is
displacement between images from underexpanded and, as it expands out of the nozzle, the

/(. . ,(8) the downstream direction, the convection velocities of the

and, for a known laser sheet time separation At, the large- structures generally increase toward the freestream velocity.
scale convection velocity is determined using Several eddies, however, move with velocities close to the

Uc ArA.7 (9) jet exit velocity, downstream of x/deff = I. The results of
-~ At applying Eq. 10 for the convection angle to- the eddy

Note that Eqs. 8 and 9 assume that the eddy moves only in position measurements are presented in Fig. 1 lb. In this
the plane of the laser sheet for a given temporal separation. plot, the crossflow direction is represented using a solid line
The convection angle • associated with this velocity at • = 0°. The circles that indicate the actual measured
magnitude may be computed from the following convection angles are bounded by error bars that correspond
trigonometric relation. to the ± 1 pixel accuracy of the measurements. As the air jet

.( exits the circular nozzle, the structural convection angle is
¢= arctan~ 32 -Yii (10) relatively high as evidenced by the values plotted near xlddeft

2 - 1= 0. This is expected since the jet's momentum is originally
Figure 10 provides a schematic that illustrates these predclrt h lwdrcino h prahn
quantities and the general method for obtaining them from presrpeniuar. toith iceaflow dtrectwion pofiin the appoacing

some subjectiit concerning the pixael locathion ofay privene begin to move at shallower angles to the crossflow direction.
somesubectvit conernng he ixe loctio ofa gven At the farthest downstream measurement station. however.

structure in the two images. It is estimated that the error tesrcuecneto nlsgnrlyrmi rae
involved in measuring the structural displacements in the thnzrsugtighatetasvsepertonfte t
two coordinate directions was +_ 1 pixel. This leads to

potetia erors n te rpored vlue ofU~ ad ~ Al of fluid is still increasing.
potetia erors n te rpored vlue ofUc ad • Al of Injection of helium from a circular nozzle (case C2H)

the results presented below that were computed from the rslsnsiiictly different trends regarding the
images are qualified with error bars that represent this rslsi infcnconvection velocities of the large-scale vortices. Figure 12a

presents the convection velocity measurements from within
5

American Institute of Aeronautics and Astronautics /•



this flowfield. Note the two reference lines on the plot that mixing layer are highly sensitive to the velocities of either
are the crossflow air velocity (u., = 515 m/s) and the jet exit stream involved in its development, 15' 2 7 the differences in
velocity (Ue.j = 882 m/s). In this case, the jet exit velocity is shock strength could result in the observed differences in Uc
larger than the approaching freestream velocity as opposed and 0 between circular and elliptical injection.
to case CIA where the opposite was true. The error bars in Results from case E2H appear in Figs. 14a and 14b.
this plot are twice as wide (± 95 m/s) as in Fig. I la since the The very near-field of this injection case contains eddies that
temporal separation of the laser sheet is only 1.0 g.t s. convect with velocities between the jet exit velocity and the
Clearly, as the helium jet exits the circular nozzle, the large- freestream velocity as in case E1A. As the eddies move
scale eddies formed in the upper edge shear layer move downstream, their convection velocities begin to taper off
markedly faster than the jet exit velocity. Again, this is due toward the freestream velocity, though several of the
to the underexpanded condition of the jet. Comparing the instantaneous structures analyzed have measured values of
performance of the two injectant gases in the very near-field Uc both higher and lower than u. 0 . The near-field behavior
of the jet/crossflow interaction (i.e., x/deff < 2) shows that in this case is substantially different from that observed in
the eddies in case C2H move roughly three times faster than case C2H (Fig. 12a) where the shear layer vortices moved
those from case ClA. This observation provides further much faster than the jet exit velocity. This difference is
evidence of the effects of the large value of convective again thought to be caused by the axis-switching
Mach number (Mc = 1.9) for case C2H. The data in Fig. phenomenon associated with the elliptical nozzle geometry.
12a suggest a local maximum in Uc occurring near x/deff = Apparently, the momentum thickness asymmetry that leads
1.0, downstream of which the convection velocity rapidly to axis-switching also affects the development of the
relaxes toward the freestream velocity: The structure vortices in the mixing layer that forms at the jet/freestream
convection angles in Fig. 12b for case C2H closely resemble interface. It is also possible that the weaker bow shock
those in Fig. 1 lb for case CIA in that the data show formed in the elliptical injection flowfield plays a role in the
relatively large angles as the jet enters the freestream fluid, significantly different near-field convection velocity
and these angles rapidly decrease in the streamwise characteristics of the large-scale eddies. The structure
direction becoming more parallel to the crossflow. convection angles presented in Fig. 14b appear very similar

Figure 13 illustrates the results obtained from analyzing to those from case EIA that were shown in Fig. 13b. The
the image pairs from case EIA. The convection velocity near-injector region contains relatively shallow convection
data presented in Fig. 13a show the eddies rapidly reaching angles compared to case C2H while the angles gradually
the crossflow velocity. Compared to Fig. 1 la for case C1A, tend toward the freestream flow direction as expected. The
the near-field results in Fig. 13a suggest a quicker non-zero angles found by four effective diameters
acceleration up to the freestream velocity. However, as the downstream of the injector exit are consistent with the other
flow develops farther downstream, the two cases behave double-pulsed data and with the results of both ensemble-
very similarly in that each produces large-scale convection averaged end view and side view images8'20 that indicate
velocity magnitudes that hover around the velocity of the increasing transverse penetration at this streamwise position.
freestream. Examining the structure convection angles
presented in Fig. 13b shows that the large-scale eddies move Summary and Conclusions
at shallower angles with respect to the freestream fluid in Large-scale convection velocity measurements have
the near-injector region than in case ClA (see Fig. 1 b). been made in the flowfields generated by transverse
The angles plotted in Fig. 13b decay as expected toward the injection from circular and elliptical nozzles into a
freestream flow direction (0 = 0') with increasing supersonic crossflow. Convection characteristics obtained
streamwise distance from the injector exit. It is suspected from temporally correlated image pairs show a strong
that the axis-switching phenomenon present in the elliptical dependence on both mixing layer compressibility level and
injector flowfield causes the observed differences in the injector geometry. For a given injector geometry, the near-
behavior of Uc and ( in the near-field regions of cases CIA field convection velocities are larger for the high
and EIA. This phenomenon, caused by the asymmetric compressibility cases (helium injection) than for the low
distribution of momentum thickness around the elliptical compressibility cases (air injection). In the far-field, after
nozzle exit,9 results in faster spreading in the minor-axis the jet plume has been bent downstream, the eddies tend to
plane than in the major-axis plane. Another potential convect with velocities that are closer to the velocity of the
contributor to the observed differences in behavior of the freestream, and convection angles rapidly decay toward the
convection velocity and convection angle results for the freestream flow direction. Injector geometry principally
circular and elliptical injectors is the weaker bow shock affects the near-field behavior. Convection angles are
present in the elliptical injector flowfield. The bow shock shallower for elliptical injection than they are for circular
strength directly affects the velocity distribution of the injection, and the near-field convection velocities from the
freestream fluid behind it. In addition, this fluid is one of elliptical injection cases are skewed toward the freestream
the streams involved in the formation of the mixing layer at velocity. It is thought that the axis-switching phenomenon
the upper edge of the jet fluid. Since the convection affects the development of the large-scale eddies in the near-
characteristics of the large-scale eddies that form within the field of the elliptical injector, resulting in the observed
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trends. Also, the weaker bow shock generated in the 1 3 Gutmark, E., Schadow, K.C., and Bicker, C.J.,

elliptical injection flowfield may contribute to the observed "Mode Switching in Supersonic Circular Jets," Physics of
differences in convection characteristics. Fluids A, Vol. 1, No. 5, 1989, pp. 868-873.

14 Bunyajitradulya, A., and Papamoschou, D., "Acetone
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Table 1 Injector Geometries

Injector a (mm) b (mm) deff (ramn) £

Circular 3.18 3.18 6.35 0 INJECTOR CROSS SECTION VIEW PLAN VIEW

Elliptical 6.25 1.63 6.35 0.97 PRESSURE

Circular TAP 0
Table 2 Injectant Flow Conditions

Case -r Pej Uej Pej J Mc PRESSURE

(kPa) (m/s) (kg/m3 ) Elliptical t K TAP <

CIA 1.40 476 317 6.64 2.90 0.66
C2H 1.67 405 882 0.867 2.93 1.92 Figure 3 Illustration of Injector Configurations
E1A 1.40 476 317 6.64 2.90 -

E2H 1.67 405 882 0.867 2.93 -

Z LPG-10 I ICCD

S MER • TURNING

486-PC ~ _ _ &Q---- - MIRRORS

SPHERICAL LENS

\\ "%. \ /-CYLINqDRICAL
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Bow SHOCK 50% BEAM IRIS
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APPROACH FLOW • MACH DISK Figure 4 Schematic of Double-Pulsed Rayleigh/Mie

(M>I) - Scattering Optical Arrangement
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Figure 1 Transverse Injection Flowfield Schematic
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Figure 2 Schematic of Supersonic Combustion Tunnel Figure 5 Delay System Electrical Schematic
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Figure 6 Instantaneous Double-Pulsed Image Pair from Circular Injection Using Air (Case C1A) with Laser Pulse
Delay of At =2 jLs
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Figure 7 Instantaneous Double-Pulsed Image Pair from Circular Injection Using Helium (Case C2H) with Laser
Pulse Delay of At = I Is
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Figure 8 Instantaneous Double-Pulsed Image Pair from Elliptical Injection Using Air (Case E1A) with Laser
Pulse Delay of At = 2 .is
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Figure 9 Instantaneous Double-Pulsed Image Pair from Elliptical Injection Using Helium (Case E2H) with Laser
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Figure 10 Large-Scale Convection Velocity and Stuncture Convection Angle Determination
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Figure 12 Results for Circular Injection Using Helium (Case C2H) a) Convection Velocity Distribution and
b) Convection Angle Distribution
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Figure 13 Results for Elliptical Injection Using Air (Case E1A) a) Convection Velocity Distribution and
b) Convection Angle Distribution
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Figure 14 Results for Elliptical Injection Using Helium (Case E2H) a) Convection Velocity Distribution and
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Mixing and Penetration Studies of Sonic Jets
in a Mach 2 Freestream
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A comparison of the penetration and mixing characteristics of three transverse/oblique injector configurations
is presented. The three geometries studied include circular transverse, circular oblique, and elliptical transverse
injectors, and the crossflow is at Mach 2. Planar Mie scattering images of three near-field flow planes produced
substantial information about the flowfield created by each injector. In addition to global flowfield characteristics,
the Mie scattering images provided transverse and lateral penetrations for each injector. Instantaneous and
time-averaged information concerning the structural organization of the flowfields was obtained. Results dem-
onstrate increasing jet penetration in the transverse direction with increasing jet-to-freestream momentum flux
ratio. Penetration of the oblique jet is appreciably less in the near-field compared to the two transverse jets due
to the reduced component of momentum in the transverse direction. The transverse elliptic jet appears to spread
more quickly in the lateral direction than the other two jets, suggesting that some type of axis-switching
phenomenon occurs. Large.scale structures at the interface between the jet and freestream fluids are shown for
the two transversely oriented jets, while small-scale eddies are prominent in the oblique jet flowfield. Near-field
mixing appears dominated by these eddies and the counter-rotating structures that develop in the streamwise
direction.

Nomenclature Subscripts

A = area ex = exit
a = semimajor axis of an ellipse f = freestream
b = semiminor axis of an ellipse j = jet
d,,, = effective injector diam. (4A,.!jr)-"2  p = particle
d, = particle diameter xs = cross section
J = jet-to-freestream momentum flux ratio
Kn = Knudsen number (ratio of mean free path to

particle diameter) Introduction
.V4 = Mach number U UNDAMENTAL to the success of hypersonic air-breath-
p = static pressure11 ing propulsion systems are the efficient injection..mixing.
T., = total temperature and combustion processes that occur inside the combustion
t, = particle response time chamber. These processes will take place in a supersonic stream.
1, = large eddy rollover time and thus. must occur quickly because residence times within
u = velocity such combustors will necessarily be short, even when fuel
X = streamwise coordinate dispersion is aided by such intrusive features as struts or ramps.
v = transverse coordinate The transverse jet injected into a supersonic crossflow rep-

= spanwise coordinate resents a possible configuration for fuel delivery in such en-
"y = specific heat ratio gines.
S= boundary layer thickness, shear layer vorticity Many early investigations of the transverse gaseous jet in

thickness supersonic crossflow revolved around qualitative examina-
= eccentricity tions of the underexpanded injection flowfield and analytical
= dynamic viscosity descriptions of the injectant penetration depth as a function

p = density of various flow parameters.1-" Schlieren photographs of the
injection flowfield revealed the presence of a bow shock wave

Received Dec. 20. 1993: presented as Paper 94-t0709 at the AIAA upstream of the injector exit. rapid turning of the injectant
32nd Aerospace Sciences Meeting. Reno. NV. Jan. 10- 13. 1994: gas. a Mach disk. and regions of recirculating flow immedi-
revision received July 13. 1994: accepted for publication Aug. 9. 1994. ately upstream and downstream of the jet orifice. Figure 1 is
This paper it declared a work of the U.S. Government and is not a schematic representation of the flowfield.
subject to copyright protection in the United States. One analytical model developed for the prediction of jet

"Aerospace Engineer. Advanced Propulsion Division. Experi- penetration assumed that the sonic jet issues into a stream
mental Research Branch. Member AIAA. with no boundary laver and that no mixing occurs between

!'Senior Research Engineer. Advanced Propulsion Division. Ex wlhe
perimental Research Branch. the injectant and freestream fluids near the injector orifice.'

.Senior Research Scientist. Senior Member AIAA. A momentum balance applied to a prescribed plume geometry
§Professor. Department of Mechanical and Industrial Enginecring. resulted in a functional form for the penetration depth that

.Voociate Fellow AIAA. accurately predicted the jet penetration determined from the
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Bow SHOc•K interface between the freestream and injectant fluids."'" These
structures persisted until far downstream and appeared to
occur on a somewhat regular basis. Two-dimensional acetone
PLIF images taken of a subsonic jet injected into a subsonic

MAcH DIsK crossflow revealed similar large-scale behavior. -2
m One drawback to transverse injection is the stagnation pres-

sure loss due to the relatively strong bow shock present just
ahead of the injector. This issue was addressed in two studies

/ where the effects of injection at low transverse angles to the
RECnCULAtION freestream were examined."'- Reduced total pressure losses
REGION RFCUZCULATION resulted due to the weaker bow shock produced. Results from

REGION Fuller et al.'" indicate that for low angle injection (0 = 30
NIECrAN and 0 = 15 deg), an increase in injection angle (combined

Fig. I Transverse injection flowfield schematic, with fixed jet pressure-to-effective back pressure ratio) pro-

duces a faster mixing rate in the near field due to the increased
measured maximum injectant concentration profile. A similar disturbance felt by the freestream. However, in the far field,
model developed in another studyv resulted in an expression the peak injection concentrations of the two cases are nearly
for the penetration that suggested that the jet-to-freestream equal. Transverse and oblique mixing data have been com-
momentum flux ratio (or dynamic pressure ratio), given by piled by Schetz et al.'" and the results presented demonstrate

similar conclusions. i.e., that increases in injection angle of
(pt'2), (YpM 2), oblique jets produce faster mixing in the near-field, larger

J- (1) total pressure losses due to increased disturbance effects, andno mixing advantage in the far field over the lower angle
was the principal controlling parameter. Another concept in- counterparts.
troduced in this study was that of the "effective back pressure" Studies of a small aspect ratio elliptical jet showed that the
seen by the jet. This pressure, analogous to the back pressure boundary-layer momentum thickness varied around the noz-
in the flowfield formed by a jet issuing into a quiescent en- zle circumference leading to the development of asymmetric
vironment. is the average pressure in the near-jet region. The vortices at the exit plane.'"-7 In quiescent and coflowing en-
complex nature of the pressure field surrounding the injector vironments. spreading rates in the minor-axis plane of the
orifice in this flow makes it difficult to determine an accurate elliptical jet were faster than those associated with the major-
effective back pressure when using conventional methods, axis plane. This eventually led to the minor-axis spread being
Schetz and Billig2 suggested that injection at a pressure-matched larger than the major-axis spread (a phenomenon termed axis-
condition (i.e., where the static pressure of the jet is equal switching). Further spreading enhancement occurs in under-
to the effective back pressure) produced a more optimum expanded elliptical jets compared to those operated perfectly
penetration than simply overpressurizing the jet, due to re- expanded (sonic) or subsonic. "
duced shock losses. This investigation is a comparison of the near-field mixing

Recent studies investigated the issue of penetration more and penetration characteristics of three basic injector geom-
fully., ' Papamoschou and Hubbard3 examined the effects of etries. Planar Mie scattering is used to study the flowfields
freestream and jet Mach numbers. static pressure and density created by jets issuing from circular transverse, circular oblique,
ratios, and momentum flux ratio on penetration using schlie- and elliptical transverse injectors into a Mach 2 crossflow. Of
ren photography. Results indicated that the jet's penetration specific interest are the transverse and lateral spread of the
into the supersonic crossflow was principally dependent on jet from each injector, and the instantaneous and time-av-
the momentum flux ratio defined in Eq. (1). They found little eraged structural behavior of the jet/freestream interface. Ex-
or no effect due to the freestream or jet Mach numbers, while amination of the jet's penetration, both transversely and lat-
evidence of an optimum penetration at a certain pressure ratio erally into the freestream. allows conclusions to be drawn
provided support for the matched pressure condition cited concerning the effectiveness of the injection process and the
above.- Rothstein' used planar laser-induced fluorescence effects of both injector geometry and orientation. Investiga-
(PLIF) to study transverse injection of hydrogen into a Mach tion of the jet/freestream interfacial structure will lead to
1.5 oxygen crossflow. A power law fit to the penetration data qualitative interpretations of the mixing characteristics of each
was proposed. The constants in the power law expression have injector by revealing the large- and small-scale motions char-
been determined by numerous authors and are found to vary acteristic of each. Finally. this work will be used as a baseline
widely between studies, for future, more exhaustive studies of the three injection flow-

In addition to the extent of jet penetration. the issue of jet/ fields.
freestream mixing is of critical importance for hypersonic pro-
pulsion applications. This issue has been addressed by using Experimental Facility
a concentration probe and PLIF of iodine. '- The results of The experiments documented herein were performed in a
the former study suggested that streamwise vortices generated newly constructed supersonic combustion research facility lo-
at either side of the jet play an important role in the near- cated at Wright-Patterson Air Force Base. The various com-
field mixing process. Time-averaged mole fraction images ob- ponents of this facility, as well as quantitative flow quality
tained from a complex staged injector flowfield 5 demon- measurements, have been discussed in great detail elsewhere'"
strated rapid mixing in the region between the two injectors, only a summary of the important features is included here.
while the mixing just downstream of the second injector ap-
peared strongly influenced by streamwise vorticity. These vor- Flow Facility
tices. which arise from vorticitv in the boundary layer of the The wind tunnel used in this investigation is shown sche-
injectant fluid," appear very prominently in incompressible matically in Fig. 2. A series of compressors capable of pro-
transverse injection flowfields,7 where both the temperature ducing a continuous 34-Ibm/s flow of air at about 750 psig and
and velocity fields are significantly affected by their presence. ambient temperature supplied the facility. Additionally, an'

Structural organization within a flow can have direct im- exhauster system evacuated the test section to approximately:
plications on its mixing characteristics, as in the fully devel- 3 psia before starting the tests.
oped compressible shear layer."' Recent transverse jet studies A rearward-facing perforated cone, along with an array of
made note of the large-scale structures that formed at the mesh screens and a section of honeycomb, conditioned the
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Table I Injector geometries N-JE CRoss SECrON VIW PLAN' VrEW

W, PRESSURE TAP 0
Injector in. in. in.- in.- E

1 0.125 0.125 0.049 0.049 0 (ii)LRETA
2 0.483 0.125 0.049 0.190 0.97 jj "IT

0.246 0.064 0.049 0.049 0.97
(i)PRESSURE TAP <=

IN.ET SECTION AND SETzrnN CHAMBER AND TrST SECTION Fig. 3 Illustration of injector configurations used in the present study.
SUPPORT SYSTEM SUPPORT STAND /

No'zzL SECTION END VIEWING WINDOW
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Fig. 2 Schematic of supersonic combustion tunnel. TURNcIN PRISm

Fig. 4 Mie scattering optical arrangement.

air within the settling chamber. The cone spread the flow
uniformly within the chamber while the screens and honey- area of the circular oblique injector differs from that of the
comb served to reduce large-scale turbulence and straighten other two.
the flow before acceleration by the supersonic -nozzle. othentwostagnation conditions wereatonithe s o oa Tunnel Each injector was equipped with a pressure tap near the

monitored by a Johnson-Yoko- exit. as shown in Fig. 3. for static pressure measurements. A
gawa control system used for feedback and control of the bank of Pressure Systems Incorporated pressure transducers
various valves in the system. con -PC acquired pressure data from the in-

The present investigation used a nozzle section designed ctolle by ad 386-PC acquired pessuenata frmp the in-
with a method of characteristics code"' to produce a nominally jectors. In addition to this. thi jet stagnation temperature was

measured just upstream of the entrance to each injector using
Mach 2 freestream. Results of a recent effort to characterize a thermocouple that was monitored visually. Both readings
the tunnel indicated that the flow is uniform and two dimen- allowed the operating conditions of the injectant flow to be
sional within the test section at a Mach number of about set.
1.98.'" The cross-sect~onal dimensions of the constant area Dry carbon dioxide and helium served as injectant gases in
test section used in these studies were 5 in. bv 6 in. A number these studies. The CO, was supplied to the injector using a
of fused quartz windows, including a pair of side windows, a manifold system of five bottles. A high mass flow hand reg-
top window, and an end window, provided optical access to ulator was used to set injectant pressures. and a 50-gal hot
the flow. The resulting access to the flow allowed direct im- water bath and resistive heat tape heated the copper supply
aging of three orthogonal flow planes. line. The energy supplied by the heaters maintained the jet

For the present study, injector geometries were incorpo- stagnation temperature at roughly 540°R. Helium was sup-
rated into the removable test inserts housed within the bottom plied through a separate line using a 66.000-ft" trailer pres-
wall of the test section. Five streamwise positions were avail- plied throug a separ eline pursi and temperailre res-

able for injector placement. For this study, all injectors were surized to 2000 psig. Helium pressures and temperatures were
reeulated with the same svstems as for the carbon dioxide.

placed at the same streamwise location to ensure that the
boundary-laver thickness approaching the injector would be
the same for each case. At the chosen injector location, the Imaging System
boundary-layer thickness-to-effective jet diameter ratio is ap- A Spectra Physics Quanta-Ray DCR-4 Nd:YAG laser with
proximately /d,, = 1. an 8-ns pulse duration provided the laser beam used in these

experiments. The laser pulsed at 10 Hz and a second harmonic
Injectors generator frequency doubled the 1064-nm beam to 532 nm.

The three injector geometries designed for these experi- This beam was again frequency doubled by a WEX system
ments included 1) a circular jet issuing transversely. 6 = 90 to produce UV light at 266 nm (approximately 90 mJ/pulse).
deg. 2) a circular jet issuing obliquely. 0 = 15 deg. and 3) an A prism directed the beam from the laser table to the trav-
elliptical jet issuing transversely. a = 90 deg. To ensure a ersing table positioned beneath the test section. A pair of
proper comparison among the three injectors, each had a coated mirrors reflected the beam up and toward the test
cross-sectional area (i.e.. area perpendicular to the jet axis) section at the desired elevation. Finally, a cylindrical/spherical
of 0.049 in.'. The orifice diameter of injector I was. therefore, lens system produced the thin laser sheet used for illuminating
0.25 in. An additional constraint on injectors 2 and 3 was that the desired flow plane. Figure 4 provides a schematic illus-
the elliptical geometries at the nozzle exits be similar. Equat- tration of the laser system used in these experiments.
ing the eccentricities of the ellipses and the cross-sectional The unintensified CCD camera and image acquisition sys-
areas of the supply tubes allowed this constraint to be met. tem used here were manufactured by Princeton Instruments.
Table I presents the geometries of the injectors, where the The camera was water cooled and purged with dry nitrogen
eccentricity e is to reduce dark count noise. A Nikon UV-Nikkor 105-mm

f/4.5 telephoto lens was used for imaging the 266-nm Mie
S= V I - (b 'a-) (2) scattering from naturally occurring ice crystals in the free-

stream. which provided a "scalar transport" seeding arrange-
and a and b are the semimajor and semiminor axes. respec- ment.i. 21 Studies of condensation inside supersonic nozzles
tively. Figure 3 illustrates the cross-sectional and plan views have shown that the ice crystals formed were nearly mono-
of the injector geometries. The resulting injectors have the disperse with diameters between 0.003-0.014 jim. depending
same effective diameter (d., = 0.25 in.). whereas the exit on the humiditv of the inlet air.2--2 3 Accurate particle response



Table 2 Image acquisition details Table 3 Experimental flow conditions (To., = 560-580°R)

Image plane P1. A.
View J Injector Injectant location J Injectant M, M, psia -psia

Side 1. 2. 3 1. 2. 3 He. CO, z/d•, = 0 1 COl 2.0 1.0 5.3 23.0 1.29
Top 3 I. 2. 3 He. CO, y/d•, = 2 1 He 2.0 1.0 5.3 17.8 1.67
End 3 1. 2. 3 He. CO. x/d,., = 2. 5 2 COl 2.0 1.0 5.3 46.0 1.29

2 He 2.0 1.0 5.3 35.5 1.67
3 CO_ 2.0 1.0 5.3 69.0 1.29
3 He 2.0 1.0 5.3 53.3 1.67

for Mie scattering images requires a Stokes number, defined
by

tt, particle response time
Stokes number = -(3)

t, large eddy rollover time

of less than about 0.5 (Ref. 24). The two time scales involved
in determining the Stokes number are

Pa
= (I + 2.76"Kn)- and t, =-U (4)18 11

Using a conservative ice crystal diameter of 0.02 Am and an
average velocity difference between the jet and freestream Fig. 5 Instantaneous side view image; elliptical, 90-deg injector. CO,.
fluids of 400 mis yields a Stokes number of 0.003 for the
present operating conditions, thereby indicating that the crys- of the near-field mixing. These results are addressed individ-
tals easily follow the turbulent fluctuations within this flow- of below.
field. The resulting images were characterized by high inten- ually below.
sity values in pure freestream regions and low intensities in Global Flowfield Characteristics
regions of pure injectant. A Princeton Instruments pulse gen-eratr povied yncronzaton btwen te fashlam of Planar imaging techniques, such as the Mie scattering used
erator provided synchronization between the flash lamp of hersutitw-mnioaiagsctiigitniy
the laser and the camera, and the camera was gated to vis- ifrm. re 5so wsiaetyical ina ntan ide iew
ualize one entire laser pulse. The 384 x 576 pixel density of information. Figure 5 shows a typical instantaneous side view
the CCD array. combined with the optical arrangement de- image of a CO., jet formed using the elliptical transverse in-
scribed. produced spatial resolutions of 125 Am/pixel in the jector. The location of the injector appears at the bottom of
side view images. 65 Mm/pixel in the top view images, and the image. Freestream fluid, characterized by high signal
460 Mmipixel in the end view images. Each 14-bit image was (white), contained the ice crystals used for scattering. The jet
sent to a 486-PC for preliminary analysis, display, and storage. fluid appears black/gray except within the barrel shock region.
Side view images were collected at J = 1. 2. and 3 for each This apparent anomaly will be discussed below. The three-
injector and both injectant gases. Top and end view images dimensional bow shock upstream of the injector is clearly
were collected for each injector and both gases at J = 3. visible in the figure. From shot-to-shot, the bow shock ap-
Table 2 contains details concerning the various image plane peared to be stationary with no large fluctuations in position.
locations used here. The interface between the jet and the freestream is espe-

Further analysis of the images was performed on the 486- cially interesting. The presence of large-scale structures is
PC and a Macintosh Quadra. Normalized averages were comn- immediately apparent. The orientation of these structures.putCd and corrected for reflections and nonuniformities in i.e.. rolling up into the freestream fluid, implies that the jet
both the CCD array and laser sheet for each of the three fluid at the boundary moves with a higher velocity tangent to
image planes. To carry out the correction procedure. 10 back- the interface than the freestream fluid. This tendency is clearly

evident in studies of planar shear lavers." A final feature ofground images (taken with no flow) for each case were av-

eraged and the average was subtracted from each of 10 laser the image in the figure is the appearance of the barrel shock
sheet profiles (taken with freestream flow only) and 10 in- and Mach disk within the underexpanded jet. These features
stantaneous jet images. These corrected beam profiles and are not visible in the cases where helium is used. and are most
jet images were then averaged. The average beam profile was prominent in CO. images at high J. Based on models of the
divided out of the average jet image and the resulting cor- barrel shock/Mach disk region- 5 and the thermodynamicnormalized by the characteristics of carbon dioxide,'.2 it is thought that as the
rected jet image was then nraie vtemaximum in-
tensity within the image. This procedure was carried out for injectant accelerates into the freestream the CO_ undergoes
each how condition. Other image processing was completed a phase change from gas to solid due to the drop in temper-
and is discussed below, ature and pressure. The frozen CO. is then able to scatter

laser light and thus appears as white in the image. Signal is
lost downstream of the Mach disk as the frozen carbon dioxide

Results and Discussion is sublimated due to the sudden compression (and increase
Experimental conditions for the present study are listed in in both temperature and pressure).

Table 3. Notice that the static pressure within the test section
was held constant while jet operating conditions were adjusted Transverse and Lateral Penetration
to provide the desired jet-to-freestream momentum flux ratio. Defining the extent of jet penetration requires an objective
Global flowfield characteristics were visualized using the Mie reference to judge different cases fairly. Since the freestream
scattering technique. Intensity contours defined in the various fluid contained the scattering medium, an average freestream
averaged images were used to provide quantitative informa- intensity value from the region downstream of the bow shock
tion about the transverse and lateral penetration of the three provided this reference. The averaged side and end view im-
injector geometries. In addition, analysis of the instantaneous ages allowed a clear definition of the freestream region down-
images gave information about the structural behavior of the stream of the bow shock making intensity averages from within
jet/freestream interface region and qualitative characteristics this zone possible. However, the top view images were ob-



tained at locations too near the bottom wall so that no free- that the jet has not reached its full extent of penetration.
stream fluid behind the bow shock was available for refer- Notice that the exit geometry of this injector is such that the
encing. Also, due to the confusion associated with the laser sheet only allows examination of one effective diameter
condensation of carbon dioxide, transverse and lateral pen- downstream of the trailing edge of the exit.
etration data only result from the side and end view images Figure 6c presents the transverse penetration profiles ob-
using helium as the injectant. tained for the elliptical 90-deg injector. Again. the trend of

Transverse Penetration deeper penetration into the freestream with increased J is
clearly observed. A peak penetration value of v/d<, = 4.0 atFigures 6a-6c illustrate the results of analyzing the aver- x/d<,1 = 4.5 is observed for J = 3. This value is close to the

aged side view images for jet penetration. The intensity of peak penetration obtained from the circular 90-deg injector.
the jet boundary presented corresponds to 90% of the average The jet cross-sectional shape does not appear to impact the
freestream intensity behind the bow shock (i.e., outer edge extent of transverse penetration of the two transversely ori-
of the jet). Each of the plots compares the performance of ented jets substantially under the current conditions.
an individual injector configuration with increasing jet-to- Keffer and Baines27 found that the penetration profile data
freestream momentum flux ratio, using helium as the injec- obtained from a subsonic jet in crossflow collapsed to a single
tant. The injector locations are illustrated in the figures by curve in the near injector region when the coordinate axes
the shaded boxes beneath the horizontal axes. Figure 6a com- were scaled by J '. Figure 6d illustrates the results of such a
pares the penetration profiles of the circular 90-deg injector scaling on the profiles obtained in the current investigation.
for values of J ranging from I to 3. The plot provides evidence Clearly, the profiles demonstrate a high degree of collapse.
for the expected trend of increasing transverse penetration The resulting power law fit is of the form
with increasing J. Peak transverse penetration in the high J
case for the field of view provided by the laser sheet is about (y~d,<J) = 1.23(x/d,-J)"34 (5)
y/d,, = 4.2 at x/d,., = 5.0. Further increases in transverse
penetration are expected downstream of this location since
the asymptotic value of yid¢,, for circular transverse injectors The correlation coefficient obtained from this fit was over
occurs near x/d., = 8. 98%. Figure 6e compares the results of this correlation (for

The penetration profiles of the circular 15-deg injector are a momentum flux ratio of 3) to others obtained from PLIF
shown in Fig. 6b for values of J ranging from I to 3. The same studies.4--' The plot demonstrates very good agreement at this
trend of increasing jet penetration with increasing J is evident, value of J. Although not shown, similar agreement was found
although the extent of penetration is suppressed due to the for the J = 2 case while the present correlation fell below
smaller component of transverse momentum associated with both referenced curves foJ = 1. Figures 6d and 6e suggest
the oblique injection geometry. A peak value of about y/d., that the present method for determining the jets' penetration
= 2.4 at r/d<,, = 5.0 is found for J = 3. The slopes of the profiles produces adequate results for comparison with other
profiles at the downstream edge of the plot suggest, however, results found in the literature.
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Lateral Penetration Table 1), while its lateral penetration is 25% iarger. This
Contours taken from averaged end view images using he- indicates that the flow leaving the elliptical 90-deg injector

lium as the injectant are presented in Figs. 7-9. As with the spreads very quickly (in the lateral direction) in the near field
previously discussed side view penetration profiles, these con- compared to the circular 90-deg injector. suggesting that the
tours correspond to intensity values equal to 90% of the av- axis-switching phenomenon discussed above 7 may be pre-
eraged freestream intensitv downstream of the bow shock. served in this flowfield.
Shown in Fig. 7 are the two contours obtained using the
circular 90-deg injector with the image planes located at Structural Behavior/Mixing
xid,, = 2 (Fig. 7a) and 5 (Fig. 7b). Figure 7a shows the lateral Select instantaneous images of the three views are shown
extent (i.e., extent in the z direction) covering roughly z/d¢,r in Figs. 10-12. All images presented are at J = 3 with carbon
= 3.6. At the downstream location (Fig. 7b). the jet separates dioxide or helium used as the injectant as indicated. Injector
from the wall, and the lobes near the wall suggest the char-
acteristic counter-rotating streamwise vortical structure pres- 5.4
ent in the injectant. Furter discussion of this feature is given
in the following section. The lateral extent shown here is about
z/d•.,, = 3.4. Thus. the jet appears to contract laterally some- 3.6
what in the near-field re2ion of this flowfield. The contours
do exhibit transverse growth as expected. Y/d-ff

Figures 8a and 8b illustrate the lateral and transverse spread
of the obliquely oriented injector for the same streamwise
image planes as Fig. 7. Again. due to the oblique geometry,
transverse penetration is small for this injector compared to
the previous contours for the 90-de- circular injector. Ad- 0.06 - 0.0 1Z -3.6 -1.8 0.0 1.8 3.6
ditionally, the lateral spread attributed to this injector is smaller a) Zdff
in the near field compared to injector 1. Here, a lateral spread
of about :id., = 2.9 is revealed. Figure 8b again illustrates 5.4
the lobes that develop as the jet lifts from the wall, suggesting
that streamwise-oriented counter-rotating structures are found
in this flowfield also. 3.6-

End view contours obtained for the elliptical 90-deg injector
are shown in Figs. 9a and 9b. Immediately visible in the first y/def
plot is the fuller nature of the penetration contour than any
of those previously discussed. Lateral penetration is roughly 1.8-
z/d, = 4.5. A slightly smaller extent (roughly z/de, = 4.2)
results from Fig. 9b. indicating again that the jet appears to
contract :aterally somewhat in the near field. The contour in 00.0 8 3.6
Fig. 9b also sugeests the same counter-rotating nature of the -3.6 -1.8 0.0 1.8 3.6
eddies on either side of the injector orifice as seen for the b) Z/dff
other injectors. An interesting note on the contours presented Fig. 8 Lateral penetration profiles: a) circular 15-deg injector at
in Fig. 9 is that the elliptical orifice of injector 3 has about x/d, = 2, He at J = 3 and b) circular 15-deg injector at xd,= 5,
half the span of the circular orifice of injector I (see "'b" of He at J = 3.
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1.8 1.8
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Fig. 7 Lateral penetration profiles: a) circular 90-deg injector at Fig. 9 Lateral penetration profiles: a) elliptical 90-deg injector at
xid,. = 2. He at J = 3 and h} circular 90-deg injector at x/df = 5, xidfr = 2, He at J = 3 and b) elliptical 90-deg injector at xidf. = 5,
HeatJ = 3. He atJ = 3.
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a) b) c)

d) e) f)

Fig. 10 Side view Mie scattering images at J = 3: a) circular 90-deg injector. CO,; b) circular 1S-deg injector, C02 ; c) elliptical 90-deg injector,
CO,: d) circular 90-deg injector. He; el circular IS.deg injector, He: and f) elliptical 90-deg injector, He. €

a)

;::: b)

b) "-,, ,•: ,,•""._; IFig. 12 End view Mit scattering images at J = 3: a) circular 90-deg
injector: He at xldc•, 2 and b) circular 15-deg injector; He at

S Fig. 11 Top vziew Nit scatternng images at J = 3: a) circular 90-deg -x/d•r = 5
injector. CO: and b) elliptical 90-deg injector. CO:.

and l0d). Two well-defined features are clearly present in thelocations appear as rectangles at the bottom of each side and first image (carbon dioxide injection), and the birth of a third
end view image. Flow is from left to right in Figs. 10 and 11. is suggested by the "'clump" of fluid appearing just upstream
whereas the flow direction is out of the page in Fig. 12. As of the middle structure. The vortices present in the helium
described for Fig. 5. the seeded freestream appears white injector flowfield (Fig. l0d) are nearly as well defined and
while the unseeded jet appears black/gray, except where fro- appear comparable in size to those in Fig. l0a. Freestream
zen carbon dioxide is present. fluid is entrained into the jet fluid in the region between the

Side view images of the near field of the three injectant large structures as clearly evidenced in both images. In fact.
flowfields are presented in Fig. it). where one image from the the helium flowfield contains several "finger-like" intrusions
elliptical 90-deg injector is repeated from Fig. 5 for compar- of freestream fluid into the injectant. Small-scale structures
ison. Each of the six images displays a region approximately are visible throughout the braid regions between the large-
1.5 in. in the streamwise direction by 1.5 in. in the transverse scale vortices. Also visible in these images is the separation

S direction. Large-scale structures appear prominently in the shock upstream of the injector where boundary-layer sepa-
images of the circular 9(1-dec injection flowfield (Figs. l~a ration occurs.

ýZ/,'7



Figures 10b and l0e illustrate the instantaneous flowfield vortices oriented in the streamwise direction (out of the page)
created by the circular 15-deg injector fed with CO. and he- are very prominent features of each image. Additionally, Fig.
lium, respectively. Immediately apparent in both images is 12a shows finger-like structures that burst outward into the
the lack of large-scale protrusions of jet fluid into the free- freestream around the periphery of the jet/freestream inter-
stream as were seen for the circular, transverse injector. Small- face. These structures are thought to be cross sections of the
scale eddies appear to dominate the interfacial structure in vortices noticed in the side view images of Fig. 10d. No such
the near field, and freestream fluid does not penetrate into structures are apparent in Fig. 12b; this is consistent with the
the jet region as dramatically as for the transverse injector, side view image of this flowfield in that large-scale eddies are
However, an interesting feature common to both of these not found. These end views give insight into the role that the
images is the bow shock. Figures 10a and 10d display rather streamwise vortices play in the engulfment of freestream fluid.
strong waves as suggested by the near normal shock behavior Clearly, as the pair roll toward each other. freestream fluid
near the injector wall. In contrast, the waves found in the fills the region in between and is essentially swallowed into
oblique flowfield are substantially weaker- the disturbances the jet where the small-scale turbulence then takes over the
behave almost entirely as oblique waves. Smaller total pres- mixing process.
sure losses are therefore expected in the oblique injection
flowfield than in the transverse injection flowfield, and the Summary and Conclusions

Mach number behind the oblique wave will be greater than This investigation into the penetration and mixing associ-
that associated with the near normal wave in Figs. 10a and ated with three injector geometries produced two-dimensional
10d. This may affect the mixing that occurs in the interfacial images yielding global injector flowfield characteristics, de-
region, depending on the expansion characteristics of the tails of the transverse and lateral spread of the jets. and qual-
oblique jet, since the mixing layer formed between the jet itative information concerning the structural organization and
and freestream is strongly affected by the respective Mach mixing. Condensed ice crystals in the freestream provided the
numbers of each stream."') sites for the Mie scattering technique used. This seeding ar-

The instantaneous elliptical injector flowfield, shown in Figs. rancement. due to the small crystal sizes, provided clear iden-
10c and 10f. has characteristics similar to Figs. 10a and 10d, tification of the jet/freestream interface in each of the three
in that large turbulent structures are again very prominent, visualized flow planes. It should be emphasized that since the

Once again, freestream fluid appears to be entrained into the present seeding technique is not truly "'passive" in nature (due
jet fluid at a faster rate than for the oblique case (in its near to its dependence on the local thermodynamic conditions),
field) due to these large eddies. As in the circular 90-deg no quantitative mixing interpretations can be made from these
flowfield. finger-like intrusions of freestream fluid appear in images.
the helium image, and small-scale eddies grow throughout the A stationary three-dimensional bow shock created by the
braiding regions between large structures in the carbon diox- presence of the injectant fluid is clearly observed in all of the
ide case. The bow shocks in these images also behave in a images. Also evident in the images obtained from the trans-
similar manner to the strong waves in Figs. 10a and 10d. A verse injector flowfields using carbon dioxide as the injectant
final feature of interest in Fig. 10c is the inclination of the are the barrel shock region and Mach disk of the underex-
barrel shock region with respect to the horizontal. Compared panded jet. Orientations of the large-scale structures in the
to Fig. 10a. the barrel shock for the elliptical injector is ori- two transverse cases indicate that the freestream fluid is mov-
ented at a steeper angle. This is thought to be indicative of ing with a lower velocity tangent to the interface than the
the reduced orifice dimension in the spanwise direction of the injectant fluid.
elliptical geometry. Increases in jet-to-freestream momentum flux ratio result

Figures 1 Ia and 1 l b illustrate top views of the circular and in increased jet penetration into the freestream for all injec-
elliptical transverse injectors, respectively. Each image covers tors studied. Injector exit geometry does not substantially
approximately 1.4 in. in the streamrwise direction and 1 in. in affect the transverse penetration of the jet in the near field,
the spanwise direction. The oblique injector has been omitted while the orientation of the injector with respect to the free-
since the field of view offered little information in this case. stream (i.e.. transverse vs oblique) has dramatic effects. Av-
Figure Ila shows the injector location, the projection of the eraged images show that the lateral spreading of the elliptical

bow shock at the laser sheet elevation, and the cross section transverse injector is roughly 25% greater in the near field
of the jet. The high-intensity region just downstream of the than the lateral spread associated with the circUlar transverse
jet orifice is a cross section of the barrel shock region made injector, indicating that the axis-switching phenomenon noted
visible by the frozen carbon dioxide particles present. Large in previous studies of elliptical jets issuing into quiescent or
protrusions of jet fluid into the freestream are clearly visible coflowing environments may be preserved in this flowfield.
in this image, and a variety of both large- and small-scale Injector orientation plays an important role in the strength
structures appear all along the interface. Several features sug- of the bow shock, with the shocks created by the oblique
gesting mushroom-shaped counter-rotating pairs of vortices injector being substantially weaker than those created by the
are noted. transverse injectors. This translates into a smaller expected

The image shown in Fig. lib demonstrates the dramatic total pressure loss in the oblique injector flowfield.
nature of the elliptical injector flowfield. The jet spreads very Instantaneous images of the three flow planes show a highly
quickly in the lateral direction near the exit compared to the complicated, three-dimensional injection flowfield. Side views
previous figure. This trend of rapid lateral spreading within illustrate the large-scale eddies present along the jet/free-
the elliptical injector flowfield is also suggested by the aver- stream interface in the flowfields created by the transverse
aged results presented above. Large quantities of freestream injectors. These eddies result from both the interfacial strain
fluid are engulfed by the vortices, as evidenced by the white produced as the jet is rapidly turned downstream and the
regions just downstream of the injector. Smaller scale mush- vorticity present within the jet's boundary layer. They are
room-shaped structures, indicating the presence of counter- thought to be the principal contributors to near-field mixing

rotating vortical pairs. are also present. between the injectant and freestream fluids. Small-scale vor-
Instantaneous end view images of the flowfields created by tices develop in the braiding regions between the large eddies.

the transverse and oblique circular injectors are presented in In the oblique injector flowfield, no large-scale vortices de-
Fig. 12. Approximate spatial dimensions of each image are velop along the interface in the near-field region. This is con-

2.9 in. in the spanwise direction and 1.9 in. in the transverse sistent with previous work that indicates that the oblique in-

direction. Figure 12a shows the streamwise plane at x/d., = jector mixes slowly in the near field relative to transverse
2. whereas Fig. 12b is taken at x/d.,, = 5. Counter-rotating injectors. Top views of the transverse injector flowfields show
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large-scale vortices extending appreciably into the freestream "Planar Fluorescence Imaging of a Transverse Jet in a Supersonic
and aiding in mixing the freestream and injectant fluids. Fi- Crossrlow." Journal of Propulsion and Power, Vol. 8, No. 4, 1992,
nally. end views illustrate the counter-rotating streamwise pp. 729-735.
vortices generated as the jet exits into the freestream, These "Smith. S. H.. Lozano. A.. Mungal, M. G.. and Hanson. R. K..

structures contribute largely to freestream engulfment by the "Scalar Mixing in the Subsonic Jet in Crossflow." AGARD Corn-

jet and are present in each flowfield studied. Two dominant putational and Experimental Assessment of Jets in Cross Flow, Win-
chester. England. UK. 1993. pp. 6.1-6.13.

types of large-scale motions are thus identified within the near chIaye. E . UK. T 993. p.6.a- e.13.types Mavs. R. B.. Thomas. R. H.. and Schetz. J. A.. "Law Angle
injector regions of transverse injection flowfields: streamwise- Injection into a Supersonic flow." AIAA Paper 89-2461. July 1989.
oriented counter-rotating vortical pairs and vortices devel- "Fuller. E. J.. Mays. R. B., Thomas, R. H.. and Schetz. J. A.,
oping at the jet/freestream interface orienting themselves tan- "Mixing Studies of Helium in Air at High Supersonic Speeds." A IAA
gent to the interface. Journal. Vol. 30. No. 9. 1992. pp. 2234-2243.
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Introduction

Transverse injection of a gaseous fuel stream into a supersonic flow appears schematically in

Fig. !. This sketch illustrates the features of the flowfield in a plane through the spanwise jet centerline,

where a three-dimensional bow shock forms ahead of the jet and interacts with the approaching turbulent

boundary layer resulting in separation. Previous investigations of this flowfield have provided clear

visualizations of the large-scale vortices formed at the interface between the freestream and injectant

fluids.!"3 These eddies influenced the position of the bow shock.2 Some images also showed the region

enclosed by the separation shock where the bow shock and turbulent boundary layer interact.1'2 This

region contains locally high wall static pressures as found in both experiments4 and numerical

predictions.5 Numerical investigations of a reacting transverse hydrogen jet in a supersonic air stream

by Takahashi and Hayashi6 showed relatively high static temperatures occurring within this separated

zone. Erosion of the injector wall could occur due to this local high temperature zone.

The objective of the present work is to investigate the interaction between the upstream shock

structure and the interracial eddies in the jet fluid. The influence of injector geometry on the separation

shock is also of interest. Both issues are addressed using a planar laser-based visualization technique to

capture instantaneous images of the interaction created by circular and elliptical injectors fueled with air.

Details regarding the facility and imaging technique used are available elsewhere.7'8 Table 1 shows

geometric features of the two injectors studied.
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Results and Discussion

The freestream conditions were set such that M. = 1.98, po,oo = 317 kPa, and To,. = 300-302 K.

Jet flow conditions were set so that the jet-to-freestream momentum flux ratio (J),

S= (pu2 )j/(P112). = (1))1(M2.

was identical in each case (J = 2.90). This parameter controls jet penetration into the crossflow.1' 9

Images were obtained for both circular and elliptical injection using air, cases CiA and E1A with the

major-axis of the ellipse aligned with the freestream flow.

Instantaneous images from cases CIA and E1A appear in Figs. 2 and 3, respectively. Freestream

fluid (light) flows from left to right and the jet fluid (dark) enters from the lower edge (jets are centered

at x/deff = 0). All of the images presented show some boundary layer fluid along the lower edge as it

enters the region beneath the separation shock wave. Several other featifres can be easily observed

including the bow shock standoff distance (i.e., the distance upstream of the injector leading edge where

the bow shock intersects the lower edge of the image) and the streamwise (x) and transverse (y)

dimensions of the upstream separation shock wave.

In Fig. 2 (Case CiA), the bow shock's behavior below the point of intersection with the

separation shock appears strongly influenced by the structures formed after the jet fluid enters the

crossflow. Instantaneous visualizations in which large eddies do not appear near the wall show the bow

shock being essentially normal to the wall. In contrast, the second image of Fig. 2 contains an eddy at

roughly y/deff = 1. In response to this feature, the bow shock curves sharply upstream increasing its

distance from the injector centerline. Another interesting occurrence is shown in the third image where

the shock apparently lifts higher off the wall allowing the boundary layer and jet fluids to mix

subsonically upstream of the jet exit. This periodic lifting, caused when the approaching boundary layer

is relatively thick and the sonic line occurs at a higher elevation off the wall, probably exacerbates the

hot-spot phenomenon associated with reacting injection flowfields since fuel propagates farther

upstream. Despite the dynamic nature of the bow shock's behavior below the intersection with the

separation shock, a standoff distance of about 0.5 deff consistently occurs. Above the intersection point.
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fluctuations in the bow shock's position also occur, although no dramatic curvature changes appear. In

all the images obtained from case C1A, the bow shock intersected the top edge of the image, y/deff =

3.5, between -0.50 < x/deff < 0.

The region between the bow and separation shocks is an important feature in transverse injection

flowfields in relation to its flame-holding capability in combusting situations. At the spanwise

centerline of the jet/crossflow interaction, two points describe the extent of the separation shock. The

first point is upstream of the injector where the separation shock intersects the bottom edge of the image.

The second point is the intersection of the bow and separation shocks that defines the highest transverse

elevation of this region. In the ensemble of images collected for case C IA, the position of the first point

falls between -3.0 < ddeff < -2.25, while the location of the second point varies from about 1.6 to 2.8

effective diameters above the bottom wall.

Figure 3 shows the instantaneous images obtained from case E IA. Large-scale eddies formed at

the edge of the jet near the injector wall influence the behavior of the bow shock below the point of

intersection with the separation shock in case E1A, though not to the degree that was observed in Fig. 2.

The images in Fig. 3 give some evidence of the curvature changes induced by the eddies. Also, the third

image shows the shock lifting phenomenon that appeared in case C1 A. The bow shock standoff distance

is approximately 0. 2 5deff (50% closer to the injector leading edge than for case CIA). This smaller

standoff distance is explained by the asymmetric vortex development associated with the elliptical
injector geometry leading to more rapid spreading in the minor-axis direction thaninjo

ineco gomty eaig o oe apdspeaig in h io-xsdrcinta in the major-axis

direction. 10 Apparently, the jet fluid expands more in the spanwise direction (z) than in the streamwise

direction (x) at the exit plane of the elliptical nozzle allowing the shock to stand closer to the jet exit and

still accomplish the necessary pressure correction. In the region above the point of intersection of the

bow and separation shocks, small fluctuations in the bow shock's position occur. However, the images

shown in Fig. 3 indicate a weaker bow shock in case ElA than in case CIA as inferred by its slope. The

ensemble of images obtained for case ElA indicates that the bow shock intersects the upper edge of the

image at streamwise positions between -0.25 < xldeff •- 0. Thus. in addition to being weaker than the

wave in case C1A, the bow shock in case E1A fluctuates over a smaller spatial range.
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The upstream extent of the separation shock in case E1A falls between -2.75 < x/deff < -1.75,

while the point of intersection of the bow and separation shocks is between 1.1 and 2.1 effective

diameters above the bottom wall. These values are significantly lower than those obtained from case

C IA; thus the area beneath the separation shock associated with the elliptical injector is smaller than in

circular injection at the spanwise centerline of the jet/crossflow interaction. Therefore, injection through

the elliptical nozzle potentially reduces any hot-spot phenomenon associated with injection through a

circular nozzle oriented perpendicular to the supersonic freestream.

Conclusions

In flowfields created by transverse injection into supersonic crossflows, the bow and separation

shocks formed upstream of the injectant plume are dominant features. In the present investigation, the

interaction between these features and the large-scale eddies that develop at the jet/freestream interface

has been examined. Results indicate that the large structures strongly influience the near-wall behavior

of the bow shock, often resulting in severe curvature changes and positional fluctuations. The eddies

exert a weaker influence on the bow shock further away from the wall. Lifting of the bow shock has

been observed when the approaching boundary layer is relatively thick. In these instances, injectant and

freestream fluid mix subsonically upstream of the injector orifice, thereby exacerbating the hot-spot

phenomenon found in reacting transverse injection flowfields. Finally, the injector geometry strongly

affected the upstream separation zone. the bow shock standoff distance, and the strength of the bow

shock. Elliptical injection with the major-axis aligned with the freestream flow resulted in a smaller

separation zone and standoff distance, and a weaker bow shock compared to circular injection.
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Table 1 Injector Geometries

Injector Semi-Major Axis Semi-Minor Axis Effective Diameter Eccentricity
a (mm) b (mm) dey (mm) E

Circular 3.18 3.18 6.35 0
(Case CIA)

Elliptical 6.25 1.63 6.35 0.97
(Case E1A)
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Figure Captions

Figure 1 Transverse Injection Flowfield Schematic

Figure 2 Instantaneous Images of Circular Injection Using Air (Case CIA)

Figure 3 Instantaneous Images of Elliptical Injection Using Air (Case ElA)
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Breakup Processes of Liquid Jets in Subsonic Crossflows
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ABSTRACT vi liquid velocity at nozzle exit

The breakup processes of liquid jets injected into Wefd Weber number (= pfdv2/Ia)
subsonic air crossflows were experimentally studied. Wes Weber number = p.-du.-/cy)
Test liquids, injector diameters, and air Mach numbers x distance in the air stream direction
were varied to provide a wide range of jet operation y distance in the direction transverse to the air

conditions. Results indicate that for larger injection stream
velocity conditions liquid jets penetrate relatively far 1± molecular viscosity

into the crossflows and exhibit surface breakup p density
processes before the column breaks. Liquid column a surface tension
trajectories were correlated by liquid/air momentum Subscripts
flux ratios based on a force analysis of a cylindrical 00 air property in the free stream
liquid element subjected to an aerodynamic drag force. b at the point of coiumn fracture
Drag coefficients were inferred from the column f liquid-phase property
trajectories and were found to exhibit a weak a gas-phase property
dependence on liquid viscosity. The heights of the w property of water
column fracture points were correlated using the time
required for an analogous droplet to complete an INTRODUCTION
aerodynamic secondary breakup process. The success Liquid jet atomization in an air crossflow has
of the resulting correlation justifies the assumption that important applications in propulsion systems,
the aerodynamic forces acting on a droplet and those including fuel injection in turbojet augmentor sections
acting on a liquid column have similar effects. This and ramjet and scramjet combustors.1 3  In these
result, combined with the trajectory correlation, leads applications, liquid fuel jets are injected from walls of
to the conclusion that tbie liquid column always breaks combustors or bluff body flameholders into the air
at the same streamwise location, in agreement with the stream under crossflow conditions. The combustion
present experimental observation, efficiency of these combustors thus depends closely on

the outcome of the jet breakup process. Additionally,

NOMENCLATURE current developments in spray simulation techniques

a, b constants for regression analyses require basic understanding of breakup mechanisms to

C", Cy constants for distances to column breakup point construct more realistic spray atomization models.
CD drag coefficient [= drag/(0.5p._u.2)] Therefore, the breakup mechanisms of liquid jets in

d injector diameter crossflows have to be analyzed and understood. Much
M• Mach number of air stream work has been done on the characterization of spray
Ohd Ohnesorge number [= 1t4(pfia)fl2] appearance, 4 " penetration heights, 7"2 velocity fields,'3 "

q liquid/air momentum flux ratio (= pfVj2/p..u 2) 15 and effects of liquid properties.' 6"18 However, the
Refd Reynolds number (=pdv/paf) understanding of breakup processes is far from
Regd Reynolds number (= pdu_/p) complete, and additional studies of the near-field spray
t time structures are needed to resolve the breakup
u velocity component in the x direction mechanisms.
v velocity component in the y direction Previous studies of liquid injection in crossflows

include analyses of liquid jets atomized in both
subsonic and supersonic air streams. Kush and Schetz4

* Research Scientist. 3675 Harnehing Drive. Member AIAA. dmntae he eie o iudjtijcini

E-mail: peikuanw@possum.appl.wpafb.af.mil, demonstrated three regimes for liquid jet injection in
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along the surface of the liquid column and spread disintegration processes were faster and drop sizes
droplets gradually until the point of fracture. Schetz et were smaller for liquids with smaller surface tension.
al.5 distinguished waves as leeward and windward and Jet penetrations were found to vary within a range of
related the windward waves to the liquid acceleration ±15% when pq was varied from 1 to 60x10,3 kaIrr/s.
caused by aerodynamic drag forces. Ingebo6 described Similar results were also observed by Reichenbach and
the waves as capillary and acceleration-waves, and Horn.' 8 Wotel et al. 2 tested jet trajectories of water and
atomization was depicted as a process of forming JP-7 in subsonic crossflows. JP-7 has a smaller surface

ligaments from the crests of column waves. These tension (31%) and a larger viscosity (216%) than

studies established that liquid jets are atomized by the water. Jet trajectories were found to be insensitive to

formation of waves caused by aerodynamic forces. liquid property variations and could be correlated using

Penetration heights and spray plume trajectories •.
have also attracted considerable attention. Schetz and The recent development of primary and secondary

Padhye 7 performed a momentum analysis on maximum breakup theories has provided a better understanding

penetration heights and found that the maximum of liquid jet breakup processes. The concept of the

penetration height is the distance required to redirect two-stage jet breakup process has been verified by

the liquid jet injection momentum flux to the air experimental evidence and the understanding of

stream direction. The penetration height was primary and secondary breakup processes has been

measured at 6.25 jet diameters downstream and was improved dramatically.19- 25 When liquid/gas density

correlated with q. Ingebo 8 found that the maximum ratios are large and the liquid jet has very low
penetration is a function of (RefdWe j) 0 7. Chelko9  turbulence intensity, liquid jet breakup processes are
used a simple dimensional analysis to correlate jet caused by wall boundary layer vorticity along the
trajectories and found that jet penetration, y/d, depends nozzle passage; when the liquid jet is turbulent the
on v/u.., ptp-, and x/d. Different correlations were breakup is caused by liquid turbulent eddies.2 ' As the
then developed following the same methodology, gas density increases, the aerodynamic secondary

Hojnacki' and Wotel et al.2 developed a power law for breakup merges with the primary breakup and drop
the trajectory correlation, while Yates3, Baranovsky sizes become smaller.2  Aerodynamic secondary
and Schetz10 , and Inamura et al." used a logarithmic breakup processes have been found to exhibit four
function. These correlations, however, were all major breakup regimes: bag, multimode, shear, and
developed based on measurements at axial distances catastrophic breakup. 22

-2 Small droplets were stripped

larger than 10 diameters downstream of the nozzle along the edge of parent drops and correlations were

exit, and did not provide information about near-field obtained by approximating the final droplet sizes with
structure and breakup processes. the thickness of the boundary layer along the windward

Most recently, Chen et al.12 used a Mie scattering side of the droplet surface.22
.z3 Since the breakup

technique to investigate jet trajectories from the nozzle processes of a liquid jet and a spherical droplet in an
exit to about 60 nozzle diameters downstream, and air flow are both caused by aerodynamic forces, it is

developed a three-parameter exponential function to reasonable to apply the general understanding of the
account for three spray regimes: the liquid column, aerodynamic secondary breakup to the present
ligament, and droplet regimes. Droplet velocities were problem.
measured with a Particle Imaging Velocimetry (PIV) The objective of this study was to investigate the

technique along the upper boundaries of 1-ram water near-field structures of spray plumes to characterize
jets.13  A technique for the simultaneous velocity liquid column properties in order to develop a better
measurement of liquid and gas phases was also understanding of the breakup mechanisms of liquid
developed by Chen et al.' 4 Inamura et al.15 measured fuel jets injected into air crossfiows. Liquid column
the velocity of waves on liquid columns by measuring waves, trajectories, and breakup locations are the
the time interval required for a wave intersects two primary interest of the present study because they
pulsating laser beams separated by a preset distance. determine the initial locations of drop dispersion. This

Their results indicate that liquid waves are dominated article begins with a description of the apparatus and

by vj when the column inclination angle from the instrumentation, followed by a discussion of the test

injection direction is less than 200 and by u. when the conditions. Results of liquid column breakup processes

angle is larger than 40'.15 are then discussed, treating liquid column wave

Effects of liquid properties were studied by Nejad behaviors, liquid column trajectories, and column

and Schetz' 6.'7 for liquid jets in a supersonic crossflow. breakup locations. The article concludes 'with a

Surface tension was found to have negligible effects on summary of the present findings on the breakup

penetration heights; on the other hand, jet processes of liquid jets in subsonic crossflows.
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EXPERIMENTAL METHODS pulses with a duration of about 10 ns, which is
Apparatus and instrumentation sufficient to freeze the motion of the liquid column and

Liquid jets were injected vertically upward into a the droplets. Shadowgraphs were obtained in a
subsonic wind tunnel with the nozzle exit flush with darkened room with an open shutter. A 4x5 Speed
the tunnel bottom wall. Detailed descriptions of the Graphic camera, loaded with Polaroid type 52 black
design and operation of the tunnel, along with and white film (ASA 400) was used to record the
measured air velocity fields in the test section, can be image. Image magnification was set to be 2.5 by
found in other studies'3 "26 so that the following selecting a 250 mm object lens. The field of view was
description will be brief. The wind tunnel has a limited to 50 mm x 40 mm to maintain a good spatial
rectangular test section with a cross section of 125 mm resolution of the spray plume. Four shadowgraphs
x 75 mm and a length of 406 mm. Quartz windows were obtained for each test condition. These images
were installed on the top and both sides of the test were digitized and analyzed to provide liquid column
section for laser diagnostics and visualization. Large trajectories and the distances to the column fracture
vacuum pumps were connected to the end of the tunnel point. The distances to the column fracture point in
to maintain a constant back pressure which could be as the downstream and transverse directions were found
low as 20 kPa. The air flow was provided by two large to vary by 30% and 16% of their mean values,
reciprocating compressors which produce a total mass respectively, due to the limited sample sizes and the
flowrate of up to 2.2 kg/s at 5.1 MPa. The tunnel was unsteadiness of the breakup process.
operated continuously and the air Mach number was
controlled by adjusting a variable-area nozzle device to Test conditions
obtain the correct area ratios at the choked point and at Test conditions are summarized in Table I.
the test section.' 3 Air pressures and temperatures were Liquid jets of water, ethyl alcohol, a 30% alcohol/water
measured using strain gauges and k-type solution, and a 40% glycerol/water solution were used
thermocouples, which were monitored by a personal to provide a wide range of liquid properties. Mixture
computer. The uncertainties of the pressure and concentrations are volume-based. Liquid properties
temperature measurements were less than 1%, while were measured for each test liquid before the
air axial turbulence intensities were about 3% at the experiment and are listed in Table 1. Liquid densities
center of the tunnel. 26  were measured using hydrometers which are accurate

The liquid injection system consisted of a large to 0.5 kg/m3 . Cannon/Fenske viscometers were used to
injection tank, a throttling valve, a rotary flow meter, measure liquid viscosities with a measurement
and a nozzle unit. Tl* injection tank has an internal uncertainty of less than 0.2%. Liquid surface tensions
volume of 0.144 in3 and is rated for 3 MPa. Before the in air were measured with a ring tensiometer which is
experiment, test liquids were filled into the injection accurate to 0.0005 N/in. These liquids provide: liquid
tank and pressurized with high pressure air. Liquid densities of 781 - 1113 kg/m 3, liquid viscosities of 8.65
volumetric flow rates were controlled by a throttling x10-4 - 3.66xl0"3 kg/m/s, and surface tensions of
valve and were measured by a rotary flow meter. The 0.0217 - 0.0659 N/m.
rotary flow meter was calibrated to an uncertainty of Three nozzles with exit diameters of 0.5, 1.0, and
less than 2%. Measured liquid volumetric flow rates 2.0 mm were manufactured and tested to demonstrate
were used to calculate vj based on the nozzle exit the effects of nozzle diameters. Injection velocities
diameter. The nozzle geometry is sketched in Fig. I. were varied from 8.8 to 38.5 m/s and the air Mach
The nozzle passage has an inlet diameter of 7.5 mm, numbers were limited to 0.2, 0.3, and 0.4. The air
followed by a 45' taper to the specified nozzle exit static pressure was kept to be around 140 kPa. These
diameter, followed by a straight section with a test conditions yield jet dynamic parameters as follows:
length/diameter ratio of 4. The transition from the •" of 3.4 - 185, Weg of 57 - 1180, Wefd of 760 - 20500,
tapered section to the straight nozzle exit section was Re of 4.77x10 3 - 3.03x10 4, Refd of 3.00x10 3 - 2.84x
rounded to avoid cavitation. These nozzle passages 10 , and Ohd of 2.40x10-3 

- 1.91x10 2 . These ranges of
were so designed that the liquid turbulence intensity at test conditions cover most applications of fuel jets in
the exit is small. Thus, the effects of air crossflows can propulsion systems.
be studied without the presence of extraneous
mechanisms. RESULTS AND DISCUSSION

Near-field structures and breakup properties were Results on the near-field jet breakup processes will
visualized and analyzed using a pulsed shadowgraphic be discussed in terms of column wave behaviors and
technique with a frequency-doubled Nd:YAG laser as column trajectories and breakup locations. Liquid
light source. The laser can produce 532 nm laser column waves are responsible for droplet formation,

3
American Institute of Aeronautics and Astronautics 2/5,5



while the liquid column trajectory and breakup location uniformity of droplet spatial distributions is clearly
define the location of these waves. An investigation of seen in the shadowgraph. Ligaments and droplets can
these properties is required to understand the jet be grouped into lumps separated by spatial distances
breakup mechanisms and to construct future spray comparable to the wavelengths of column waves. The
atomization models. non-uniformity has been described by Schetz et al., 527

and is due to the secondary breakup of the clumps of
Column wave behaviors ligaments which are generated by unsteady
Flow visualization acceleration waves. It is expected that larger diameter

Shadowgraphs of liquid jets injected into jets require a longer time to become fully-developed
atmospheric air environments without crossflows were where droplets are stable and will not undergo
taken to verify the performance of the nozzles used in secondary breakup.
the present study. A typical shadowgraph of a liquid The breakup process of the liquid column
jet injected at 30 m/s from the 0.5-mm nozzle is shown resembles the shear breakup process of a spherical
in Fig. 2; the surface of the liquid column is smooth droplet, except that the liquid column is traveling in
and no droplet generation or surface protrusion is the transverse direction. For the shear secondary
observed before 26 jet diameters. For nozzles with breakup, the drop experiences deformation and then
larger diameters, large-scale waves appear on the deflection of the periphery in the downstream
column surface, but no droplets are generated. These direction. Smaller droplets are then stripped away
results demonstrate the near-field structures of these from the periphery of these flattened parent drops. 22 5

liquid jets without air crossflows and can be used for These phenomena were observed, in the same order, on
comparisons with the near-field structures of liquid jets the liquid column at different transverse locations.
in subsonic crossflows, to be discussed below. The flattening of the liquid column also causes

Figure 3 shows the typical evolution of breakup aerodynamic drag forces to increase significantly,
processes with respect to jet diameters for water jets because of the increase in the frontal projected area.
injected into a crossflow from nozzles with diameters This may explain why the turning of the liquid column
of 0.5, 1.0 and 2.0 mm. q is about the same for the always becomes significant when large scale waves
three cases (roughly 9.7). For the 0.5-mm jet, the appear on it.
liquid column undergoes column fracture with a Figure 4 shows shadowgraphs of water jets
mechanism similar to the bag/multimode breakup of a injected at velocities of 9.8, 19.4, and 37.9 m/s into a
spherical dropletY224  Thin bag-shaped membranes Mach 0.3 air stream. The liquid jet penetrates farther
can be identified at several locations, and ligaments are into the air stream as vj increases. At vj = 9.8 m/s, the
generated from waves with wavelengths larger than the liquid column is smooth on both sides of the column
jet diameter. Ligaments break into smaller droplets immediately after injection. Then, the whole column
shortly after the column fracture with a shear-type exhibits large scale instabilities and is disintegrated by
secondary breakup. Drop sizes then remain relatively aerodynamic forces. As vj increases, droplets are
constant throughout the field of view. These structures generated by waves on the leeward side of the liquid
demonstrate with the three previously reported breakup column even when the windward side exhibits a
regimes: column, ligament, and droplet regimes.12  smooth surface. These waves are generally termed

For the 1.0-mm water jet, the jet penetration and leeward waves,5 but will be called surface breakup in
droplet number densities are larger than those of the this study in order to distinguish from the breakup
0.5-mm jet. Surface waves develop at a short distance process of the liquid column as a whole. This surface
above the nozzle exit. These waves initiate from the breakup process was observed especially when vj was
column periphery and extend to the leeward side; small large (Fig. 4(c)). Drops from surface breakup are
droplets are stripped away from the end of these waves smaller than those generated by column breakup,
by the air stream. The liquid column then curves producing a large drop size variation in the spray
toward the air stream direction and large-scale waves plume.
are observed around the liquid column region. The Effects of Mý& on the breakup processes are
waves on the front side of the column are called demonstrated in Fig. 5 for water jets injected into air
windward waves and are caused by aerodynamic streams with M, of 0.2, 0.3, and 0.4. Liquid injection
acceleration along the column direction.5 Waves on velocity was 28 m/s for each case. As M,,r increases,
the leeward side of the column extend for a fairly long jet penetration decreases, because of the decrease in q.
distance and generate both ligaments and droplets. Both surface and column breakup can be' clearly

For 2.0-mm water jets, the jet penetration and identified on the shadowgraphs. The size of droplets

droplet number density are even larger. The non- and ligaments and the wavelength of the windward and
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leeward waves decreases as Mjr increases as a result of Fig. 8 is provisional and further studies are needed to

the increase in aerodynamic forces. identify mechanisms for this transition.
Figure 6 summarizes the jet breakup processes of

three different liquids: water, the 30% alcohol/water Column trajectories and breakup locations

solution, and the 40% glycerol/water solution. Liquid Liquid column trajectories
jets were injected at velocities from 35 to 38 m/s, Previous measurements of spray trajectories have

resulting in a range of q from 147 to 185. Differences emphasized far downstream locations, where small

between jet trajectories can be observed in these droplets dominate the mixing processes.'1 8  To
shadowgraphs. The water jet shows the straightest characterize breakup mechanisms, however, attention
trajectory, while the glycerol/water solution jet curves must be focused on properties of the liquid column. In
more than the others. The column fracture point was order to understand the liquid column disintegration
located at the highest position for the water jet. For the process, phenomenological analyses were employed to

30% alcohol/water jet, the onset of surface breakup is highlight the underlying atomization physics and to
closer to the nozzle exit and droplet sizes and ligament provide simple correlations without solving exact and
non-sphericities are smaller. The 40% glycerol/water complicated governing equations.
jet exhibits longer threads from leeward waves and In this study, liquid column trajectories were

longer ligaments in the spray plume. analyzed by balancing liquid acceleration with
aerodynamic drag forces in the air stream direction.

Breakup regimes Since the liquid column is curved in the downstream
The breakup processes of liquid jets injected into direction, the change of liquid velocities is apparently

air subsonic crossflows are sketched in Fig. 7. After due to aerodynamic drag forces. It is assumed that the
liquid is injected, the liquid jet may firstly undergo liquid column can be modeled as a cylindrical fluid
surface breakup with droplets stripped from liquid element of the diameter of the nozzle exit, d, and of a
surfaces. Acceleration waves then grow and the liquid length, E. The diameter of the fluid element is also
column deforms and is flattened. The liquid column assumed to be a constant. These assumptions neglect
then disintegrates into ligaments and droplets. These mass losses due to evaporation and droplet removal

near-field structures of the liquid column are along the liquid column. For simplicity, the
summarized and plotted in Fig. 8, according to " and deformation and flattening of the liquid column are
Weg. This regime map does not consider breakup accounted for with an averaged drag coefficient, which
mechanisms that are caused by liquid turbulence, will be described below. A schematic plot of the force
cavitation, or effervesance. diagram of a liquid element in a crossflow is shown in

When Weg < 10, aerodynamic forces are not large Fig. 9. The origin of the x and y coordinates is defined
as compared to liquid surface tension forces. The at the center of the nozzle exit with x pointing
liquid jet is curved by aerodynamic forces, which also downstream and y pointing in the transverse direction.

accelerate the breakup processes caused by capillary The force of gravity is small and negligible when
forces. This region is referred to as enhanced capillary compared with the aerodynamic force. It is further.

breakup; examples are given by Kitamura and assumed that the transverse velocity of the liquid
Takahashi. 8  When Wes is larger than 10, column remains constant to the column fracture

aerodynamic forces dominate the breakup process. The location. By introducing an average drag coefficient,
liquid column exhibits breakup behaviors similar to CD, the x-momentum equation can be written as:
those of the secondary breakup of a spherical droplet.22

24 Figure 3 demonstrates a bag/multimode column (pTd'f/4)(du /dt)=O.5C

breakup when Weg is small, and shear column

breakup when Weg is large. Another interesting [(ug -uf)
2 +(Vg-vf) 2 1l 2 (d, (1)

feature of the breakup behavior is the surface breakup
process. When q is small, the liquid jet undergoes where CD is an average value of the drag coefficients

column breakup without surface breakup. Surface along the entire length of the liquid column and

breakup occurs before the liquid column instabilities includes the effects of liquid column deformation,
when " is large (see Figs. 3 and 4). The criterion for flattening, droplet stripping, and disintegration. For

the existence of surface breakup is found to be a the present test conditions, (vg-vf) 2 is estimated to be
function of Weg as shown in Fig. 8, with a slope of - less than 25% of (ug-uf)2 and is neglected in the

0.81. The onset q for surface breakup decreases as following derivation. Additionally, uf is estimated to
Wed increases. However, the straight line plotted in be less than 16% of u, (based on Eqs. (2) and (13),

which are discussed below). Therefore, it is assumed
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that the variation of (ug-uf) is also accounted for in CD The current measurements also indicate that the
and can be represented by a constant, u-. For low effect of surface tension on CD and column trajectory is
Mach number subsonic flows, pg is assumed to have a not significant, suggesting that the column trajectory
constant value, p.. Equation (1) can then be integrated variation is dominated by ý and liquid viscosities.
with respect to time to find the velocity component, uf, This result agrees with the findings of previous
as: studies.16- 8  An averaged CD was obtained by

averaging the square root of the reciprocal of the Ct's;
the averaged value was found to be 1.696, resulting in

uf = (2CD / 7tRP,,U-) / (pf d)]t. (2) a constant of 1.37 in Eq. (5). This value is of the same
The axial location of the liquid column can be found by order of magnitude as the drag coefficients for flow
integaxialrloati on of. te qids clumn cn be fpassing a solid circular cylinder2 9 and for the
integrating Eq. (2) again as (uf = dx/dt): theoretical predictions of liquid injections by

Adelberg 30 and Nguyen and Karagozian.31

x = (CD / 7)[(p.-u)/(pfd)]t 2 . (3) Measured column trajectories are plotted with the
correlation of Eq. (5) with the CD of 1.696 and an

As mentioned, the transverse velocity of the liquid exponent of 0.5 in Fig. 11. Measurements were

column is assumed to be a constant of the value of the grouped according to liquid type and were obtained

injection velocity, vj. Thus, the trajectory can be from a wide range of test conditions. For water and
obtained from Eq. (3) using y = vat: alcohol, the correlation only underpredicts the results

by 5% and 3% with a scatter of about ±12% and ±10%,

y /d = /(nt / C, )(x /d )q. (4) respectively. However, the correlation overpredicts by
about 8% and 16%, respectively, for the 30%

The column trajectory follows a parabolic curve as a alcohol/water solution and 40% glycerol/water

result of acceleration in the x direction due to solution. This agrees with the previous discussion of
aerodynamic forces. the viscosity dependence of column trajectories as seen

Liquid column trajectories were measured from in Fig. 6. The results of the 40% glycerol/water

the images of shadowgraphs for different liquids and solution show a larger scatter (about ±19%) about their

jet operation conditions. The images were digitized mean values. The larger scatter indicates a more

and points on the upper surface of the liquid columns unstable nature of the injection process for more

were manually located. Twenty points, roughly viscous liquids.

equidistant in the x-direction, were obtained for each As shown in Figs. 10 and 11, column trajectories

image. The points from four images were then exhibit a systematic variation with respect to tf. As p{

combined for trajectory analyses to obtain the best fit increases, CD increases and liquid jets penetrate less

results for each test condition. Equation (4) was into the air stream. This phenomenon can be

rewritten for a linear regression analysis as: explained considering the thicker liquid boundary layer
on the windward side of the jet column of the more

- -[/ . (5) viscous liquids. A larger portion of the liquid column
y/(d q) =, - [x/(d l). (5) is accelerated and the column therefore curves more

Results of the best fits of CD and n are plotted in Fig. sharply into the air stream direction and penetrates

10 for all the test conditions versus 4. The correlation less. CI) of the different liquids was summarized and

coefficients of the regression analysis for each test may be represented as:

condition were generally larger than 0.97, indicating a
valid fitting for the present analysis. The exponents, n, CD / CDw = 0. 9 84(pLf / gý , (6)

varied from 0.42 to 0.56 with an average value of 0.50.
The standard deviation of the exponents was 0.04 and where the subscript "w" indicates the properties of

the 95% confidence interval of the mean value was water; Ct, and pf are 1.51 and 8.65x10 4 kg/m/s,

0.01. This excellent agreement between the measured respectively. Equation (6) provides a reasonable

and predicted exponent values is encouraging and correlation of the present data; it is of course

supports the use of the parabolic function define above, provisional because it is based on relatively few data.

For liquids with different viscosities, more scatter was The variations of CD result in a variation of y of less

observed in the CD than in the exponents. Possible than 13% because of the square root function in Eq.

reasons are to be discussed below. (4).
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Measured trajectories were also tested with droplets. For liquids with smaller surface tensions or
existing correlations developed based on results larger viscosities, the fracture location becomes more
including ligament and droplet regimes. The difficult to determine because of larger drop number
correlations are summarized as follows: Yates3 and densities or of the presence of longer irregularly-
Baranovsky and Schetz1 ° obtained: shaped ligaments. However, the current measurements

of Xb and Yb show consistent results within reasonable

y/d = 1. 15j' In(l+6x/d). (7) uncertainties (30% and 16% respectively).
The column fracture locations were modeled using

Geery and Margetts 32 and Hojnacki' used: the time scale for the aerodynamic secondaryv breakup
. of a spherical droplet- This approach is plausible since

the breakup mechanisms for both columns and droplets
y/d = 2.lIJ (x/d are due to aerodynamic forces. Hsiang and Faeth23

found that breakup time scales were similar even in
Chen et al.12 proposed a three-parameter trajectory different breakup regimes. The time scale, tb, for a
function as: droplet with negligible initial streamwise velocity can

be written as:
y/d =9.91•°4[l-exp(-x/d /13.1)][1+

+1.67exp(-x/d / 4.77)][1+ 1.06exp(-x/d / 0.86)],(9) tb = 5.0d (,f/p )/ u,, /1)

while Wotel et al.2 suggested: where d. is the drop size before the breakup process. 23

Time scales for the completion of the secondary

y /d = 1.1941.41 (x/d )0.4. (10) breakup are applied to determine the time required for
the liquid column to fracture in a crossflow condition.

Equation (10), suggested by Wotel et al., 2 has a similar It is assumed that the time required for the column to
functional form as Eq. (5), with a slightly different fracture is a fixed portion of the time required for the
exponent. However, this correlation is empirical and completion of the breakup process. Since vj is assumed
was developed based on results at locations of about 3 to be constant up to the column fracture point, Yb can
to 140 jet diameters downstream of the nozzle exit. be obtained by multiplying the breakup time scale, tb,

Ratios of the measured y values to the predicted y with the injection velocity, vj, as:
values from Eqs. (7)M;(10) were calculated. The
averaged values were found to be 0.75, 0.90, 0.75, and Yb/d = CY~q, (12)
1.45, with standard deviations of 0.14, 0.18, 0.11, and
0.22, respectively. Equation (5) yields a ratio of 1.00 where Cy is a proportionality constant. Equation (12)
and a deviation of 0.16 based on the same test. indicates that the normalized distance, ydd, to the
Equations (7)-(10) were developed with emphasis on fracture point is a function of " alone. Present
trajectories at farther downstream locations, where measurements of Yb are plotted in terms of the variables
ligaments and droplets dominate the mixing process. of Eq. (12) in Fig. 12. These results include Yb for
The discrepancies between the measured values and several liquids and for a large range of jet conditions,
the predictions of Eqs. (7)-(10) were therefore and the prediction agrees reasonably well with the data
attributed to the differences between drag coefficients in view of the relatively large experimental
and length scales for liquid/air momentum exchanges uncertainties. The power of q for the correlation of
between the liquid column and the ligament/droplet the data is not 0.5 as suggested by Eq. (12), however,
regimes. and can be represented better by the empirical fit that

is shown in Fig. 12:
Column breakup locations

Column breakup locations will be discussed next 053

in terms of the distances from the nozzle exit to the Yb /d = 3.07° , (13)

column fracture point in the x and y directions. To
quantify the fracture locations, the shadowgraph The correlation coefficient for the fit is 0.94. The
images were analyzed. For low viscosity liquids, the increase in the power of the q from 0.50 in Eq. (12) to

fracture locations were identified without much 0.53 in Eq. (13) is statistically significant but is not

difficulty by locating the mean location where the large in view of the approximations used to develop the

liquid column breaks into separate ligaments or correlating expression and experimental uncertainties.
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A second approach was employed to correlate Yb. Summary of correlations
The power of " was fixed at 0.5 and the values of The correlations of the column trajectory and cross
y 0/-.5 were averaged to yield the proportionality fracture locations may be summarized with measured
constant C,. Cy was found to be 3.6, 3.02, 3.14, and values as follows:
4.49 for water, the 30% alcohol/water solution, the * liquid column trajectory [Eq. (5)]:
40% glycerol/water solution, and ethyl alcohol,
respectively; and standard deviations for these liquids y/d = 1.37,[•-' /d
were 0.73, 0.28, 0.27, and 0.32. These values indicate
a weak effect of the y distances on liquid properties, * transverse height of the column fracture point [Eq.
although a wider range of liquid properties should be (12)]:
studied to confirm their effects. An overall mean value
was obtained to be 3.44, which was used for the Yb/d 3-44Jf
theoretical prediction in Fig. 12. The standard
deviation of this mean value is 0.71. * axial distance to the column fracture point [Eq.

The x distance from the nozzle exit to the column (14)]:

fracture point can then be calculated by substituting xb /d = 8.06
.Eq. (12) into Eq. (5): SUMMARY AND CONCLUSIONS

=2 The breakup processes of liquid jets injected into
xb /d = CC 0 / r = Cx, (14) subsonic crossflows were experimentally studied using

a pulsed shadowgraphy technique, considering liquid
where C, is a proportionality constant. Present C

measurements of xb/d are plotted in terms of iT in Fig. jets of water, ethyl alcohol, a 30% alcohol/water
m e osolution, and a 40% glycerol/water solution in subsonic

13. xbld is relatively independent of Z" and agrees with air crossflows. Jet breakup processes, liquid column
the prediction of Eq. (14). The mean value of xdd is trajectories before column fracture points, and the
8.06 with a standard deviation of 1.46. Variations in distances to column fracture points were investigated.
averaged xdd of different liquids are around 7%, The major conclusions of the study are as follows:
which is not significant. Measured xb/d is about 25% 1. The liquid column breakup processes in a crossflow
larger than the prediction obtained by substituting the are similar to those of the aerodynamic secondary
values of Cy and CD into Eq. (14): the discrepancy is breakup of a spherical droplet. The liquid column
primarily due to uncertainties in measurements and undergoes deformation first and is then flattened
correlation processes. A linear regression was made to and disintegrated by aerodynamic forces. At Wed
check the dependence of xdd with respect to ý, and of about 60, the liquid column breaks into several
the slope of the best fit was 0.07, which is negligible, bag-shaped membranes, similar to the multimode
Therefore, it is concluded that the liquid column breakup of droplets. At larger Weg conditions,
always breaks at a distance of 8.06 ± 1.46 jet diameters acceleration waves break the column with a
downstream of the nozzle. shearing process similar to droplet shear breakup.

Inamura et al.iii15 used a contact needle probe to 2. When g is large, the liquid jet undergoes surface

identify the column breakup location and also found breakupis droetse si pped off from the

that xb is not sensitive to q and liquid jet properties. deflected edges of the liquid column before the

This phenomenon can be explained by the cancellation devle nt of lre-le column wefor

of aerodynamic effects on the liquid acceleration and more ou lqudsthee suma waves a or
on te clumnfratur tim scle. lager more viscous liquids, these surface waves are more

on the column fracture time scale. A larger prominent and have very long threads.

aerodynamic force increases the liquid acceleration 3. A momentum analysis was developed to correlate

(Eq. (3)), however, it also reduces the time required for column trajectories by equating the liquid velocity

the column to fracture (Eq. (11)). These two effects change in the airstream direction due to the

cancel each other, resulting in a constant Xb. On the aerodynamic drag. The predictions agree with

other hand, the variation of the liquid injection velocity experimental measurements reasonably well within

only affects the liquid jet penetration and does not have measurement uncertainties. Earlier correlations

significant effects on xb. The fracture point marks the based on results for far downstream locations were
boundary between the liquid column and the dispersed- found to be inappropriate for the description of
phase regimes. Each regime has its own flow liquid column trajectories before the fracture point.
dynamics and a successful spray analysis should 4. Drag coefficients were inferred by comparing the
consider these differences. column trajectory predictions with measured
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results. Drag coefficients were larger for jets of 4. Kush, E. A. and Schetz, J. A., "Liquid Jet
more viscous liquids. This phenomenon is Injection into a Supersonic Flow," AIAA Journal,
attributed to the thicker boundary layer on the Vol. 11, No.9, 1973, pp. 1223-1224.
windward side surface of the liquid column. 5. Schetz, J. A., Kush. E. A., and Joshi, P. B., "Wave

5. The column fracture locations were identified by Phenomena in Liquid Jet Breakup in a Supersonic
measuring the distances from the nozzle exit to the Crossflow," AIAA Journal, Vol. 18, No. 7, 1980,
fracture points. The transverse distances to the pp. 774-778.
fracture point were correlated using the secondary 6. Ingebo, R. D., "Aerodynamic Effects of Combustor
breakup time of a spherical droplet because of the Inlet-Air Pressure on Fuel Jet Atomization," AIAA
close analogy between the breakup processes of a Paper 84-1320, Cincinnati, OH., 1984.
droplet and those of a liquid column. 7. Schetz, J. A. and Padhye, A., "Penetration and

6. The x distances to the column fracture point were Breakup of Liquids in Subsonic Airstreams," AIAA
found to be a constant for the present test Journal, Vol. 15, No. 10, 1977, pp. 1385-1390.
conditions. Liquid jets always break at a location of 8. Ingebo, R. D., "Penetration of Drops into High-
about eight diameters downstream from the nozzle Velocity Airstreams," NASA TM X-1363, 1967.
exit, independent of jet injection conditions. The 9. Chelko, L. J., "Penetration of Liquid Jets into a
fracture point marks the boundary between the High-Velocity Air Stream," NACA RM E50F21,
liquid column and the dispersed-phase regimes. 1950.
The present results are primarily limited to the 10. Baranovsky, S. I., and Schetz, J. A., "An

liquid jet breakup processes caused by aerodynamic Experimental Investigation of Methods to increase
forces. The effects of liquid turbulence and cavitation, the Liquid Jet Penetration into Supersonic Flow,"
and their interactions with aerodynamic effects, were AFOSR-78-1300, Air Force Office of Scientific
not considered in the present study and should be Research, Bolling AFB, DC., 1978.
resolved in the future. Drop sizes after the breakup 11. Inamura, T., Nagai, N., Hirai, T., and Asano, H.,
should also be studied because of their importance for "Disintegration Phenomena of Metalized Slurry
injector designs and spray model validation. Fuel Jets in High Speed Air Stream," Proceedings

of the Fifth International Conference on Liquid
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Table 1 Summary of test conditionsa

Liquids water ethyl alcohol 30% alcohol/water 40% glycerol/water

pf (kg/m') 996 781 958 1113
p4xl0 4 (kg/m/s) 8.65 9.57 18.4 36.6
o'xl0 3 (N/m) 63.5 21.7 34.6 65.9
d (mm) 0.5, 1.0, 2.0 0.5 0.5, 1.0 0.5, 1.0
vj (mIs) 8.9 - 37.7 32.0 17.0 - 38.5 15.7 - 35.4
u- (m/s) 70.2-141 69.2,107 71.5-107 68.1- 106
Z" 3.38- 148 39.9, 98.7 14.0- 147 14.5- 185
Wed 71-1179 186,461 140-594 57-287
WefxlO3  0.76- 11.3 18.4 8.04-20.5 4.16- 10.6
ReOx10"3  5.72 - 30.3 13.0 8.87 - 14.0 4.77 - 7.56
RedX10"3 3.38 - 28.4 3.16, 5.08 3.58 - 10.4 3.00- 9.81
Ohdxl0 3  2.4-4.9 10.4 10.1,14.3 13.5, 19.1

aAir was at 140±4 kPa and 306±3 K in the test section of the wind tunnel,

resulting in a density of 1.76--+0.05 kg/m3.
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WVATER: d =0.5 MM: V, 30 mivs

Fig.- I Nozzle geometry of the present injectors. Fig. 2 Injection of a water jet without crosstlow (d
0.5 mm. v, 30 mnis).

(a) d 0.5mm, =9.9, (b) d 1.0 mm, 9.4, (c) d =2.0mm,~ 10.0.
Wegd= 7 1 Wegd = 139 Wegd =281

WATER: Mair 0.2; p2 = 1.76 kg/rn 3

Fig. 3 Injection of water jets from nozzles of various injector diameters: (a) d = 0.5 mm. (b) d = 1.0 mm. and
(c) d = 2.0 mm.
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(a) vj =9.8 rn/s, ~ 4.8 (b) vj 19.4 m/s., 18.5 (c) vi 37.9 m/s, 70.8

WATER; d =0.5 mmT: Mair = 0.3, Pg =1.76 kg/rn3; Wegd = 160

Fig. 4 Injection of water jets at various injection velocities: (a) vj 9.8 m/s, (b) vj 19.4 rn/s, and (c) vj 37.9

MIS.

(a) Mair =0.2,7 = 84, (b) Mair =0.3, =39, (c) Mai 0.4, q=22.
Wegd =75  Wegd = 160 Wegd =280

WATER; d=0.5 mn;Vj =28rn/s; pg 1.76 kg/rn 3

Fig. 5 Injection of water jets into crossflows at various Mach numbers: (a) M.,= 0.2, (b) M* 0.3, and (c) Mj,
=0.4.

12
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(a) water, =148, (b) 30%c alcohol/waterq 147, (c) 40% glycerol/water. , 185.
Wegd 75 WVegd =140 We-d =57

d 0.5nmm: Vi = 37 rn/s Ma11. 0 .2 ,pg =1.76kg/rn 3

Fig. 6 Injection of various liquids: (a) water, (b) 30% alcohoilwater, and (c) 40% glycerol/water.

licilau a C,

air~

~drag

Fig. 7 Sketch of a typical liquid breakup process in X
an air crossflow.

Lhquin diana cD. sliJ=L LUq" dimp c* u.~

"Or .0 6 4, akwhowo ig.0
10e our 2.O 9 9.t~amnO - Fig. 9 Sketch of the force diagram for the present

a~i0.5 - - oainow .0 phenomenological analysis.

"3 ~0

0

a0 CaPUWX7

I . ~.r

Fig. 8 Regime map of column waves and breakup
processes in crossflows.
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-25 0 3.A 0.2 2ly m- 45 0-2 I0
4sr O 0.2 &* 0Y . 0. 02 I e 0.3 1. _ 2A % . e,. 0.03 6

_ e VU v z 'y I , . 4 ek. b-0. 02 V gV cO•OU--r AIJ 0-3 4

4.0 ,

3.0 4 1

2.0 ..... prediction P,

0.0 

• correlation

0.64

0.4 A4 10 ao 10'

0. - ~ l a4pfVJ 2/A.J.ýo. , 10 . . .10. . , 10, , eP .
I0' I0' 10' I0'

pfJ2/Xpu2 Fig. 12 Column fracture heights (yb/d) of liquid jets
in air crossflows.

Fig. 10 Drag coefficients (CD) and exponents (n) of
the fit according to the trajectory analysis.

30 ULAd d I-) Mir SYM. L0OA d-i MWIr SYM.

0 3 0.2 0 S ..5 0 03 V
Uw~ LS 0.3 * o.5 o.2 a
U *A .0h.kOour S 0.3 U.
-i 62 A * 0 02 A

2.M 1. 1. A0 0.3

6- 31b 0. 0.2 V z t s w 0.3 4I, \I~0i2 .•. ,'•Lr,
W 0

10 10

pfVJ2/XAý

Fig. 13 Column fracture distance (xd/d) of liquid jets
in air crossflows.

Fig. 11 Comparison of liquid column trajectories of
different liquids with the correlation (Eq.
(5)).
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